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  b)	  Fluorescence	  micrograph	  of	  epidermal	  growth	  factor	  
(EGF)	  immobilized	  in	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   ABSTRACT	  
	  
Chemical	  vapor	  deposition	  (CVD)	  of	  reactive	  polymer	  coatings	  is	  an	  ideal	  
technique	  for	  surface	  functionalization,	  modification	  and	  encapsulation.	  In	  this	  
dissertation,	  surface	  designs	  for	  four	  different	  biomedical	  application	  areas	  based	  
on	  the	  CVD	  polymerization	  platform	  are	  presented.	  
Precision	  immobilization	  strategies	  for	  surface	  tethering	  multiple	  
biomolecules	  are	  discussed	  in	  Chapter	  2.	  Orthogonal	  immobilization	  strategies	  are	  
developed	  based	  on	  orthogonally	  functionalized	  multipotent	  polymer	  coatings.	  
Three	  specific	  studies	  are	  included	  in	  this	  chapter.	  Highly	  efficient	  and	  orthogonal	  
bioconjugation	  reactions	  are	  employed,	  including	  the	  alkyne-­‐azide	  “click”	  reaction,	  
the	  hydrazide-­‐aldehyde	  reaction	  and	  the	  active	  ester-­‐amine	  reaction.	  
For	  potential	  biosensor	  development,	  metal	  enhanced	  fluorescence	  on	  
reactive	  CVD	  polymer	  coated	  gold	  films	  is	  studied	  and	  presented	  in	  Chapter	  3.	  
Functional	  CVD	  polymer	  coatings	  with	  nanoscale	  thicknesses	  are	  used	  as	  spacer	  
layers	  and	  the	  surface	  enhanced	  fluorescence	  effect	  is	  demonstrated.	  The	  
fluorescence	  intensity	  oscillates	  with	  the	  polymer	  spacer	  layer	  thickness,	  ranging	  
from	  highly	  enhanced	  (up	  to	  18	  fold	  compared	  to	  the	  polymer	  coated	  glass)	  to	  
completely	  turn-­‐off.	  
Chapter	  4	  reports	  for	  the	  first	  time	  a	  method	  for	  synthesizing	  biodegradable	  
CVD	  polymer	  films.	  Degradability	  is	  an	  essential	  requirement	  for	  tissue	  engineering	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and	  other	  biomedical	  applications.	  Degradable	  CVD	  polymer	  films	  with	  ester	  groups	  
in	  the	  polymer	  backbone	  have	  not	  been	  reported	  before.	  They	  combine	  the	  benefits	  
of	  the	  CVD	  coatings	  with	  complete	  degradability.	  Functional	  groups	  can	  also	  be	  
introduced	  into	  the	  degradable	  polymer	  structure.	  
Two	  different	  studies	  are	  presented	  in	  Chapter	  5	  to	  exemplify	  the	  
applications	  of	  reactive	  CVD	  polymer	  coatings	  on	  complex	  structures	  and	  integrated	  
devices.	  The	  first	  study	  describes	  a	  two-­‐step	  CVD	  method	  for	  fabrication	  of	  
hierarchical	  polymer-­‐coated	  carbon	  nanotube	  microstructures	  with	  tunable	  
mechanical	  properties	  and	  accessible	  chemical	  functionality.	  Ultrasmall	  implantable	  
composite	  microelectrodes	  with	  functional	  CVD	  coatings	  for	  chronic	  neural	  
recordings	  are	  presented	  as	  the	  second	  example.	  These	  studies	  demonstrate	  easy	  
integration	  of	  the	  CVD	  polymer	  coating	  into	  micro-­‐	  or	  nano-­‐	  device	  fabrications.	  The	  
CVD	  coatings	  not	  only	  provide	  desired	  chemical	  composition	  changes	  to	  the	  surface,	  
but	  also	  improve	  mechanical	  and	  electrical	  properties	  of	  the	  integrated	  structures	  
and	  devices.	  
In	  summary,	  the	  vapor-­‐based	  reactive/functional	  polymer	  coatings	  provide	  a	  
powerful	  platform	  for	  biointerface	  design	  and	  research.	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Over	  the	  past	  half-­‐century,	  we	  have	  seen	  tremendous	  development	  in	  
biomedical	  technologies	  along	  with	  the	  recent	  advances	  in	  medicine,	  molecular	  
biology,	  materials	  science,	  computers	  and	  electronics,	  spectroscopic	  techniques	  and	  
other	  characterization	  methods.1	  Biointerface,	  a	  critical	  aspect	  to	  consider	  in	  many	  
biomedical	  applications,	  has	  attracted	  attention	  in	  many	  interdisciplinary	  research	  
areas	  such	  as	  medical	  implants,	  tissue	  engineering,	  biosensors	  and	  biochips,	  
bioelectronics,	  artificial	  photosynthesis	  and	  biomimetic	  materials.1-­‐2	  Early	  efforts	  
focused	  on	  biologically	  inert	  materials	  and	  surfaces	  with	  minimal	  biological	  
response	  due	  to	  poor	  understanding	  of	  cell-­‐surface	  interaction	  mechanisms.1b,	  3	  
Recent	  progress	  in	  cell	  and	  molecular	  biology	  has	  provided	  us	  with	  rich	  information	  
on	  how	  biomolecules	  affect	  cellular	  processes	  and	  eventually	  the	  functions	  of	  
tissues	  and	  organs.1b,	  3	  This	  enables	  us	  to	  actively	  design	  surfaces	  and	  incorporate	  
instructive	  biological	  cues	  into	  the	  biointerface	  to	  guide	  biological	  responses.1b,	  3	  	  
With	  this	  goal	  in	  mind,	  we	  are	  in	  search	  of	  an	  ideal	  surface	  modification	  
platform	  that	  can	  meet	  the	  following	  three	  criteria:	  (1)	  Surface	  functionalization-­‐it	  
provides	  functional	  groups	  for	  precise	  immobilization	  of	  biomolecules	  according	  to	  
specific	  needs;	  (2)	  Wide	  applicability-­‐it	  is	  preferably	  substrate-­‐independent,	  and	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applicable	  to	  3D	  substrates	  with	  complex	  geometries;	  (3)	  Easy	  integration	  in	  micro-­‐	  
and	  nano-­‐	  fabrication	  processes.	  	  
Chemical	  vapor	  deposition	  (CVD)	  polymerization	  process	  of	  functionalized	  
[2.2]paracyclophanes	  is	  the	  surface	  modification	  platform	  used	  in	  this	  dissertation.	  
This	  process	  meets	  all	  three	  of	  the	  above-­‐mentioned	  criteria.	  More	  details	  and	  
comparison	  with	  other	  methods	  are	  elaborated	  below.	  
Surface	  Functionalization	  
Non-­‐functionalized	  chemical	  vapor	  deposition	  of	  [2.2]paracyclophanes	  was	  
developed	  by	  Gorham	  at	  Union	  Carbide	  in	  the	  1960s.4	  The	  polymer	  product	  of	  this	  
process	  is	  called	  poly(p-­‐xylylene)	  (PPX),	  commercially	  developed	  under	  the	  
parylene	  brand	  (including	  parylene	  N,	  parylene	  C,	  and	  parylene	  D).5	  In	  the	  Gorham	  
CVD	  process,	  [2.2]paracyclophane	  is	  sublimated	  in	  the	  vapor	  phase	  in	  vacuum,	  
pyrolyzed,	  followed	  by	  adsorption/condensation	  of	  the	  pyrolysis	  products	  on	  
cooled	  substrates	  and	  simultaneous	  polymerization,	  forming	  solvent-­‐free	  and	  
pinhole-­‐free	  films.4,	  6	  Since	  this	  development,	  many	  functionalized/substituted	  
[2.2]paracyclophanes	  were	  synthesized	  by	  organic	  chemists	  and	  used	  in	  the	  CVD	  
process	  to	  produce	  polymer	  films	  with	  a	  wide	  variety	  of	  functional	  groups.7	  Figure	  
1.1	  shows	  the	  CVD	  polymerization	  scheme	  for	  substituted	  [2.2]paracyclophanes	  and	  
the	  functional	  groups	  library	  used	  to	  accommodate	  specific	  application	  needs.	  This	  
library	  includes	  many	  commonly	  used	  functional	  groups	  such	  as	  aldehyde,	  ketones,	  
amine,	  alkyne,	  vinyl,	  maleimide,	  anhydride,	  active	  ester,	  hydroxyl,	  fluorine,	  photo-­‐
reactive	  benzoyl	  group	  and	  initiator	  groups	  for	  atom	  transfer	  radical	  polymerization	  
(ATRP)	  and	  reversible	  addition−fragmentation	  chain-­‐transfer	  (RAFT)	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polymerization.	  This	  established	  and	  constantly	  updating	  functional	  group	  library	  is	  
the	  most	  prominent	  advantage	  for	  using	  the	  CVD	  polymerization	  as	  a	  surface	  
modification/surface	  design	  platform.	  Moreover,	  the	  CVD	  polymerization	  process	  
can	  introduce	  multiple	  functional	  groups	  on	  the	  surface	  with	  defined	  ratios	  and	  
generate	  functional	  group	  gradients,8	  which	  are	  not	  easily	  achievable	  by	  other	  
surface	  modification	  methods.	  Subsequently,	  a	  wide	  variety	  of	  biomolecules	  
(proteins,	  peptides,	  DNAs)	  can	  be	  immobilized	  on	  the	  functional/reactive	  coatings	  
through	  bioconjugation	  chemistries.9	  	  
	  
	  
Figure	  1.1	  CVD	  polymerization	  scheme	  for	  the	  substituted	  [2.2]paracyclophanes	  
and	  the	  established	  functional	  groups	  library.	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Widely	  Applicability	  and	  Substrate-­‐Independence	  
In	  biomedical	  applications,	  surface	  modification	  is	  meant	  to	  retain	  the	  key	  
bulk	  material	  properties	  while	  modifying	  the	  surface	  to	  improve	  biocompatibility.10	  
Thus,	  substrate-­‐independent	  methods	  are	  better	  than	  substrate-­‐dependent	  surface	  
modification	  chemistries	  such	  as	  the	  commonly	  used	  silane	  chemistries	  for	  silica	  or	  
silica-­‐like	  substrates	  and	  thiol	  chemistries	  for	  gold	  substrates.	  CVD	  polymerization	  
is	  a	  versatile	  coating	  process	  that	  decouples	  the	  surface	  chemistry	  from	  the	  bulk	  
material	  composition.11	  It	  not	  only	  can	  be	  used	  for	  flat	  surfaces	  but	  also	  can	  
conformally	  coat	  3D	  structures	  with	  complex	  geometries.7,	  11	  This	  makes	  CVD	  
polymerization	  a	  surface	  functionalization	  platform	  for	  coating	  and	  functionalizing	  
almost	  any	  solid	  surface	  as	  long	  as	  the	  materials	  are	  stable	  under	  vacuum	  at	  room	  
temperature	  or	  below.	  The	  CVD	  polymerization	  of	  [2.2]paracyclophanes	  has	  been	  
used	  in	  a	  wide	  range	  of	  electronic	  and	  biomedical	  applications,	  such	  as	  gate	  
insulators,12	  organic	  light-­‐emitting	  devices,13	  implanted	  microelectrodes,14	  micro	  
PCR	  chips,15	  stents,16	  pacemakers,17	  CMOS	  based	  chemical	  sensors,18	  BioMEMS	  
(biomedical	  or	  biological	  micro-­‐electro-­‐mechanical	  systems),19	  or	  drug	  releasing.20	  
Due	  to	  their	  good	  biocompatibility,	  the	  FDA	  has	  approved	  PPX	  derivates,	  such	  as	  
Parylene	  C	  and	  Parylene	  N	  as	  Class	  VI	  polymers.16	  The	  good	  biocompatibility	  
inspires	  us	  to	  further	  study	  biomedical	  surface	  design	  based	  on	  functionalized	  PPXs	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Easy	  Integration	  in	  Micro-­‐	  and	  Nano-­‐	  Fabrication	  Processes	  
Miniaturization	  is	  a	  clear	  trend	  not	  only	  for	  electronics	  but	  also	  for	  
biomedical	  devices.1b	  It	  enables	  us	  to	  achieve	  better	  precision,	  high	  throughput	  and	  
lower	  cost.1b	  Many	  experiments	  need	  to	  be	  performed	  at	  the	  precision	  of	  a	  single	  
cell,	  which	  requires	  device	  miniaturization.	  For	  instance,	  recording	  signals	  from	  a	  
single	  neuron	  requires	  that	  the	  neural	  probe/cell	  contacting	  area	  be	  smaller	  than	  
the	  size	  of	  a	  neuron	  (more	  details	  on	  this	  are	  discussed	  in	  Chapter	  5).	  As	  for	  high	  
throughput,	  DNA	  and	  protein	  microarrays	  are	  cases	  in	  point.	  Techniques	  such	  as	  
array-­‐based	  integrated	  chips,	  microfluidics	  and	  soft	  lithography	  are	  all	  high-­‐
throughput	  approaches	  for	  systematically	  analyzing	  biomolecules.21	  In	  terms	  of	  
cost,	  miniaturized	  engineered	  biosystems	  can	  lower	  the	  expensive	  biological	  
reagent	  volumes	  needed	  for	  the	  assays,	  shorten	  reaction	  times	  and	  allow	  multiple	  
analyses	  performed	  in	  series	  or	  in	  parallel.1b	  All	  these	  benefits	  lead	  to	  significant	  
cost	  reduction.	  The	  popular	  and	  important	  concepts	  of	  BioMEMs,	  total	  
microanalysis	  and	  lab-­‐on-­‐a-­‐chip	  are	  all	  generated	  from	  the	  need	  for	  miniaturization.	  
For	  the	  best	  performance	  of	  miniaturized	  systems,	  a	  widely	  applicable	  surface	  
modification	  method,	  which	  can	  easily	  integrate	  into	  the	  micro-­‐	  and	  nano-­‐	  
fabrication	  processes,	  becomes	  an	  essential	  need.	  The	  reactive	  coatings	  platform	  via	  
CVD	  polymerization	  provides	  the	  solution	  on	  demand	  here.	  Previous	  studies	  have	  
demonstrated	  its	  successful	  application	  in	  functionalizing	  microfluidic	  channels,22	  
coating	  3D	  structures	  with	  complex	  shapes23	  or	  high	  aspect	  ratios11	  and	  generating	  
micro-­‐	  and	  nano-­‐	  patterns.23-­‐24	  This	  advantage	  is	  also	  shown	  in	  the	  specific	  studies	  
included	  in	  this	  dissertation.	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In	  summary,	  CVD	  polymerization	  of	  functionalized	  [2.2]paracyclophanes	  is	  
an	  excellent	  surface	  functionalization	  platform	  for	  biomedical	  applications.	  The	  




1.2	  Overview	  of	  the	  Dissertation	  
The	  biomedical	  surface	  design	  based	  on	  the	  CVD	  polymerization	  platform	  is	  
studied	  in	  four	  different	  aspects.	  Figure	  1.2	  shows	  the	  four	  aspects	  with	  specific	  
studies	  included	  in	  different	  chapters	  of	  this	  dissertation.	  
	  
Figure	  1.2	  Overview	  of	  the	  four	  different	  aspects	  of	  biomedical	  surface	  design	  
based	  on	  CVD	  polymerization	  platform	  in	  this	  dissertation.	  
	  
Platform:	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Chapter	  2	  discusses	  the	  precision	  immobilization	  strategies	  when	  more	  than	  
one	  biomolecule	  needs	  to	  be	  tethered	  to	  the	  surface.	  Because	  it	  is	  not	  as	  
straightforward	  as	  single-­‐molecule	  immobilization,	  orthogonal	  immobilization	  
strategies	  are	  developed.	  Three	  specific	  studies	  are	  included	  in	  this	  chapter.	  
Chapter	  3	  describes	  metal	  enhanced	  fluorescence	  on	  reactive	  CVD	  polymer	  
coated	  gold	  films.	  This	  study	  shows	  the	  advantages	  of	  using	  the	  functional	  polymer	  
as	  spacer	  layer	  for	  modulating	  fluorescence	  intensity	  of	  surface	  immobilized	  
fluorescent	  molecules	  on	  gold.	  It	  is	  potentially	  very	  useful	  for	  biosensor	  
applications.	  
Chapter	  4	  explores	  a	  method	  to	  synthesize	  biodegradable	  CVD	  polymer	  films.	  
Degradability	  is	  an	  essential	  requirement	  for	  materials	  used	  in	  packaging	  and	  some	  
biomedical	  applications	  such	  as	  tissue	  engineering.	  The	  degradable	  CVD	  polymer	  
film,	  which	  has	  not	  been	  reported	  before,	  has	  both	  the	  benefits	  of	  the	  vapor-­‐based	  
polymer	  coatings	  and	  complete	  degradability.	  Functional	  groups	  can	  also	  be	  
introduced	  to	  the	  degradable	  coating.	  
Chapter	  5	  includes	  two	  different	  studies	  to	  exemplify	  the	  applications	  of	  
reactive	  CVD	  polymer	  coatings	  on	  complex	  structures	  and	  integrated	  devices.	  This	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As	  a	  consequence	  of	  recent	  progress	  in	  biotechnology,	  regenerative	  
medicine,	  and	  developments	  concerning	  medical	  implants,	  an	  increasing	  need	  for	  
precise	  and	  flexible	  conjugation	  methods	  has	  emerged.1	  For	  the	  immobilization	  of	  
biomolecules,	  chemical	  reactions	  with	  high	  specificity	  towards	  the	  molecule	  of	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interest,	  mild	  reaction	  conditions	  compatible	  with	  physiological	  milieu,	  and	  rapid	  as	  
well	  as	  quantitative	  conversion	  are	  essential.2	  If	  defined	  immobilization	  of	  two	  or	  
more	  biomolecules	  on	  the	  same	  surface	  in	  controlled	  ratios	  is	  required,	  the	  
individual	  reactions	  not	  only	  need	  to	  be	  orthogonal	  with	  respect	  to	  ongoing	  
biological	  events,	  but	  also	  with	  respect	  to	  each	  other.3	  This	  prerequisite	  puts	  major	  
constraints	  on	  the	  type	  of	  chemical	  reactions	  that	  can	  be	  exploited	  for	  bio-­‐
orthogonal	  immobilization.	  The	  development	  of	  bio-­‐orthogonal	  reaction	  schemes	  
has	  been	  heavily	  influenced	  by	  the	  concept	  of	  “click”	  chemistry,	  which	  was	  first	  
introduced	  by	  Sharpless	  and	  co-­‐workers	  in	  2001.4	  As	  the	  archetypal	  example	  of	  click	  
chemistry,	  the	  copper(I)-­‐catalyzed	  Huisgen	  1,3-­‐dipolar	  cycloaddition	  of	  azides	  and	  
terminal	  alkynes	  (CuAAC)	  has	  since	  been	  widely	  used	  as	  a	  surface	  modification	  
strategy.5	  CuAAC	  is	  a	  highly	  efficient	  reaction	  under	  mild	  conditions,	  with	  complete	  
regioselectivity	  for	  the	  1,4-­‐triazole	  product.6	  Triazoles	  are	  stable	  linkers	  that	  are	  
resistant	  to	  hydrolysis,	  oxidation,	  or	  reduction.6b	  Initial	  work	  was	  conducted	  on	  
model	  surfaces,	  such	  as	  gold7	  and	  silicon,8	  but	  was	  recently	  extended	  to	  a	  wide	  
range	  of	  different	  substrates.9	  	  
Chemical	  vapor	  deposition	  (CVD)	  polymerization	  is	  a	  versatile	  coating	  
process	  that	  effectively	  decouples	  the	  surface	  chemistry	  from	  the	  bulk	  
composition.10	  The	  CVD	  polymerization	  of	  functionalized	  [2.2]paracyclophanes	  can	  
result	  in	  functionalized	  poly(p-­‐xylylene)	  coatings	  with	  a	  wide	  range	  of	  different	  
groups	  including	  aldehyde,	  ketones,	  amine,	  alkyne,	  vinyl,	  anhydride,	  active	  ester,	  
hydroxyl,	  fluorine,	  photo-­‐reactive	  benzoyl	  group	  and	  bromoisobutyrate	  group	  for	  
initiating	  atom	  transfer	  radical	  polymerization.11	  These	  coatings	  have	  been	  used	  for	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the	  immobilization	  of	  proteins,12	  peptides,13	  DNA,14	  and	  cells.15	  CVD	  coatings	  can	  be	  
conformally	  deposited	  on	  a	  broad	  range	  of	  materials	  with	  different	  geometry10	  and	  
are	  useful	  for	  applications	  including	  functional	  electrically	  conductive	  polymer	  
films,16	  polymer	  gradients,17	  protein-­‐resistant	  surfaces,18	  solventless	  adhesive	  
bonding,19	  3D	  photoresists,20	  and	  polymer/carbon	  nanotube	  composites.21	  This	  
powerful	  platform	  to	  functionalize	  virtually	  any	  solid	  surface	  also	  allows	  us	  to	  apply	  
different	  functional	  groups	  on	  the	  same	  surface	  by	  copolymerization3b	  or	  surface	  
micro-­‐engineering.22	  	  
In	  this	  chapter,	  three	  different	  combinations	  of	  bio-­‐orthogonal	  reactions	  for	  
biomolecule	  immobilizations	  on	  three	  different	  multifunctional	  polymer	  coatings	  
(Figure	  2.1)	  are	  explored.	  An	  invariable	  component	  for	  the	  three	  combinations	  we	  
tried	  is	  the	  alkyne	  functional	  group	  (R1),	  which	  can	  react	  with	  azide	  via	  CuAAC.	  R2	  
changes	  with	  different	  combinations	  of	  the	  orthogonal	  reactions.	  For	  the	  first	  
combination,	  R2	  is	  an	  alkyne	  with	  an	  electron-­‐withdrawing	  ester	  group,	  which	  
makes	  the	  alkyne-­‐azide	  cycloaddition	  occur	  without	  the	  copper	  catalyst.	  This	  allows	  
us	  immobilize	  two	  different	  biomolecules	  with	  azide	  group	  sequentially,	  first	  
without	  and	  then	  with	  copper	  catalyst	  (Section	  2.1).22	  For	  the	  second	  combination,	  
we	  choose	  pentafluorophenyl	  ester	  (Pfp-­‐ester)	  as	  R2.	  Pfp-­‐ester	  is	  an	  active	  ester	  that	  
can	  rapidly	  react	  with	  amine	  to	  form	  amide	  bond	  with	  no	  side	  reactions	  under	  mild	  
conditions,	  thus	  suitable	  for	  one-­‐step	  immobilizations	  of	  proteins	  onto	  surfaces	  
(Section	  2.2).23	  Another	  well-­‐known	  bio-­‐orthogonal	  reaction	  is	  the	  aldehyde-­‐
hydrazide	  condensation,	  which	  is	  used	  after	  the	  surface	  is	  coated	  with	  polymer	  3	  
(section	  2.3).24	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Figure	  2.1	  Combinations	  of	  chemical	  functional	  groups	  for	  orthogonal	  
immobilizations	  of	  multiple	  biomolecules.	  
	  
After	  picking	  the	  chemistry	  combination,	  we	  also	  need	  to	  consider	  the	  spatial	  
arrangement	  of	  the	  functional	  groups.	  Two	  methods	  were	  used	  to	  apply	  multiple	  
functional	  groups	  on	  surface.	  First,	  by	  copolymerizing	  paracyclophanes	  with	  
different	  functional	  groups	  as	  outlined	  in	  Figure	  2.1,	  we	  got	  homogeneous	  
copolymer	  films	  with	  the	  two	  different	  functional	  groups	  distributed	  randomly	  
everywhere	  (Figure	  2.2a).	  This	  is	  ideal	  for	  applications	  requiring	  two	  immobilized	  
molecules	  evenly	  distributed	  and	  close	  together.	  In	  addition,	  more	  than	  two	  
functional	  groups	  can	  present	  on	  the	  same	  surface	  by	  introducing	  more	  
paracyclophanes	  with	  other	  orthogonal	  functional	  groups	  (R3,	  R4…).	  The	  second	  
method	  is	  generating	  micro-­‐engineered	  surfaces	  (Figure	  2.2b)	  with	  the	  vapor-­‐
assisted	  micropatterning	  in	  replica	  structures	  (VAMPIR)	  technique	  previously	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developed	  in	  the	  Lahann	  group.18,	  25	  In	  this	  case,	  the	  two	  functional	  groups	  were	  
distributed	  in	  separated	  yet	  defined	  areas	  on	  the	  surface.	  This	  is	  desired	  for	  
applications	  requiring	  patterned	  surface	  and	  it	  is	  more	  convenient	  for	  directly	  
observing	  the	  orthogonality	  of	  the	  reactions	  used	  for	  the	  two	  different	  functional	  
groups.	  Details	  of	  specific	  studies	  are	  described	  below	  in	  sections	  2.1,	  2.2	  and	  2.3.	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The	  CVD	  process	  has	  been	  successfully	  applied	  for	  the	  deposition	  of	  alkyne-­‐
functionalized	  polymers	  on	  a	  range	  of	  different	  substrates	  and	  can	  even	  support	  
micro-­‐	  and	  nanopatterning	  by	  CuAAC.8b,	  9	  Despite	  the	  success	  of	  CuAAC,	  the	  
requirement	  of	  a	  potentially	  cytotoxic	  copper	  catalyst	  may	  limit	  its	  biomedical	  
applications.26	  To	  develop	  Cu-­‐free	  click	  chemistry,	  alkynes	  were	  activated	  by	  
applying	  ring-­‐strain,	  incorporating	  an	  electron-­‐withdrawing	  group,	  or	  both.26a	  
Bertozzi	  and	  co-­‐workers	  conducted	  extensive	  studies	  on	  the	  synthesis	  of	  
cyclooctyne	  derivatives	  for	  copper-­‐free	  azide–alkyne	  cycloadditions.27	  They	  
successfully	  improved	  the	  cyclooctyne	  reactivity	  by	  introducing	  electron-­‐
withdrawing	  fluorine	  atoms	  and	  used	  the	  copper-­‐free	  click	  reactions	  for	  selective	  
modifications	  of	  biomolecules	  and	  living	  cells.27	  Boons	  and	  co-­‐workers	  achieved	  a	  
similar	  rate	  enhancement	  by	  fusing	  two	  aryl	  rings	  to	  the	  cyclooctyne	  scaffold.28	  The	  
strain-­‐promoted	  cycloaddition	  of	  functionalized	  cyclooctynes	  to	  azides	  is	  an	  
efficient	  reaction,	  but	  their	  challenging	  synthesis	  has	  prevented	  them	  from	  being	  
more	  widely	  investigated	  and	  applied	  to	  bioimmobilization.26a	  
Herein,	  we	  report	  a	  synthetically	  straightforward	  approach	  towards	  reactive	  
coatings	  for	  copper-­‐free	  1,3-­‐dipolar	  cycloadditions	  and	  demonstrate	  a	  bio-­‐
orthogonal	  reaction	  scheme	  based	  on	  two	  sequential	  click	  reactions.	  Our	  approach	  
is	  based	  on	  CVD	  polymerization	  of	  appropriately	  functionalized	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[2.2]paracylophanes.	  The	  development	  of	  a	  CVD	  coating	  that	  presents	  alkyne	  groups	  
capable	  of	  copperfree	  click	  chemistry	  poses	  a	  number	  of	  challenges:	  1)	  The	  reactive	  
groups	  must	  readily	  react	  with	  azide	  groups	  at	  room	  temperature	  in	  benign	  solvents	  
(e.g.,	  water);	  2)	  The	  functional	  groups	  have	  to	  be	  compatible	  with	  the	  processing	  
conditions	  during	  CVD	  polymerization	  without	  decomposition	  or	  side	  reactions;	  3)	  
The	  precursors	  should	  be	  accessible	  by	  straightforward	  synthesis.	  Herein,	  we	  chose	  
to	  synthesize	  [2.2]paracyclophane-­‐4-­‐methyl	  propiolate,	  which	  provides	  an	  electron-­‐
deficient	  alkynyl	  group	  for	  the	  spontaneous	  reaction	  with	  azide	  groups	  even	  in	  the	  
absence	  of	  a	  catalyst.	  Neighboring	  electron-­‐withdrawing	  groups	  are	  known	  to	  
increase	  the	  reactivity	  of	  alkyne	  groups.26a	  Functional	  moieties	  such	  as	  sulfonyl	  and	  
carbonyl	  groups	  were	  investigated	  in	  different	  studies.29	  Applications	  of	  electron-­‐
deficient	  alkyne	  moieties	  include	  DNA	  modification,	  gold	  nanoparticle	  
functionalization,	  or	  hydrogel	  crosslinking.29b,	  30	  
	  
2.1.2	  Experimental	  Section	  
Synthesis	  of	  [2.2]Paracyclophane-­‐4-­‐methyl	  propiolate	  
All	  chemicals	  were	  purchased	  from	  Aldrich	  and	  VWR	  and	  used	  without	  
further	  purification.	  Routine	  monitoring	  of	  reactions	  was	  performed	  using	  Silica	  gel	  
coated	  alumina	  plates	  (silica	  gel	  60),	  which	  were	  analyzed	  under	  UV-­‐light	  at	  254	  nm.	  
1H-­‐NMR	  and	  13C-­‐NMR	  spectra	  were	  recorded	  on	  a	  Bruker	  Avance	  III	  spectrometer	  
as	  solutions.	  Mass	  spectra	  were	  recorded	  on	  a	  Finnigan	  MAT95.	  IR	  spectra	  were	  
recorded	  on	  a	  Bruker	  Alpha	  T	  using	  ATR	  (attenuated	  total	  reflectance)	  sampling	  
technique.	  Melting	  points	  were	  measured	  on	  a	  Stanford	  Research	  Systems	  Optimelt.	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The	  synthesis	  of	  4-­‐ethynyl[2.2]paracyclophane	  was	  described	  elsewhere.8b	  	  
[2.2]Paracyclophane-­‐4-­‐methyl	  propiolate	  was	  synthesized	  from	  previously	  
published	  4-­‐hydroxymethyl[2.2]paracyclophane.18	  4-­‐
Hydroxymethyl[2.2]paracyclophane	  (2.53	  g,	  10.6	  mmol)	  and	  4-­‐
dimethylaminopyridine	  (13.0	  mg,	  0.11	  mmol)	  were	  dissolved	  in	  dichloromethane	  
(60	  mL).	  Propiolic	  acid	  (724	  µl,	  820	  mg,	  11.7	  mmol)	  was	  added	  and	  the	  solution	  was	  
cooled	  to	  0	  °C.	  Then	  N,N´-­‐diisopropylcarbodiimide	  (1.82	  mL,	  1.48	  g,	  11.6	  mmol)	  was	  
added	  dropwise	  over	  10	  minutes	  and	  the	  mixture	  was	  warmed	  to	  room	  
temperature	  and	  stirred	  for	  another	  6	  hours.	  The	  solvent	  was	  evaporated	  in	  vacuo	  
and	  the	  residue	  was	  purified	  by	  column	  chromatography	  (eluent:	  
dichloromethane/hexane	  2:1).	  [2.2]Paracyclophane-­‐4-­‐methyl	  propiolate	  (2.38g,	  
77%)	  was	  obtained	  as	  a	  white	  solid.	  	  
1H	  NMR	  (500	  MHz,	  CDCl3):	  6.60	  (dd,	  J	  =	  7.9	  Hz,	  1.8	  Hz,	  1H,	  CH),	  6.57–6.48	  (m,	  4H,	  
CH),	  6.41–6.38	  (m,	  2H,	  CH),	  5.18	  (d,	  J	  =	  12.4	  Hz,	  1H,	  CH2O),	  4.99	  (d,	  J	  =	  12.4	  Hz,	  1H,	  
CH2O),	  3.35	  (ddd,	  J	  =	  13.5	  Hz,	  10.2	  Hz,	  2.3	  Hz,	  1H,	  CH2),	  3.17	  (ddd,	  J	  =	  13.4	  Hz,	  11.0	  
Hz,	  2.4	  Hz,	  1H,	  CH2),	  3.14–2.97	  (m,	  5H,	  CH2),	  2.92	  (ddd,	  J	  =	  13.7	  Hz,	  10.8	  Hz,	  5.8	  Hz,	  
1H,	  CH2),	  2.88	  (s,	  1H,	  CH)	  ppm.	  13C	  NMR	  (125	  MHz,	  CDCl3):	  152.7,	  140.3,	  139.6,	  
139.1,	  138.5,	  135.2,	  134.1,	  133.4,	  133.3,	  133.2,	  132.9,	  132.2,	  129.7,	  75.0,	  74.6,	  67.0,	  
35.2,	  34.9,	  34.5,	  32.9	  ppm.	  
EI-­‐MS	  [70	  eV,	  m/z	  (%)]:	  290	  (9)	  [M+],	  220	  (14)	  [C17H16+],	  132	  (36)	  [C9H8O+],	  104	  
(100)	  [C8H8+],	  77	  (38)	  [C6H5+].	  HR-­‐MS	  (EI):	  290.1307	  (calculated	  for	  [M+],	  C20H18O2),	  
290.1304	  (observed).	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FT-­‐IR	  (ATR):	  3259	  (vw),	  2923	  (vw),	  2850	  (vw),	  2116	  (vw),	  1696	  (w),	  1497	  (vw),	  
1461	  (vw),	  1435	  (vw),	  1413	  (vw),	  1377	  (vw),	  1250	  (w),	  1221	  (m),	  953	  (w),	  903	  (w),	  
873	  (vw),	  797	  (w),	  753	  (w),	  716	  (w),	  643	  (w),	  616	  (vw),	  578	  (w),	  512	  (w),	  479	  (vw),	  
410	  (vw)	  cm-­‐1.	  




Poly[(4-­‐ethynyl-­‐p-­‐xylylene)-­‐co-­‐(p-­‐xylylene)]	  (1)	  and	  poly[(p-­‐xylylene-­‐4-­‐
methyl-­‐propiolate)-­‐co-­‐(p-­‐xylylene)]	  (2)	  were	  synthesized	  via	  CVD	  polymerization	  as	  
shown	  in	  Figure	  2.3.	  The	  CVD	  process	  was	  carried	  out	  at	  0.07	  Torr,	  with	  20	  sccm	  
argon	  as	  carrier	  gas.	  The	  precursor	  was	  sublimed	  at	  90-­‐110˚C	  in	  vacuum	  and	  
converted	  into	  corresponding	  diradical	  by	  pyrolysis	  (>500˚C).	  The	  diradicals	  
spontaneously	  polymerized	  on	  the	  cooled	  (15˚C)	  substrate	  placed	  on	  top	  of	  a	  
rotating	  stage.	  The	  pyrolysis	  temperature	  was	  set	  to	  be	  670	  ˚C	  for	  polymer	  1	  and	  
510	  ˚C	  for	  polymer	  2.	  The	  resulted	  film	  thickness	  was	  around	  50	  nm	  for	  all	  the	  
experiments.	  To	  generate	  micro-­‐engineered	  surface	  by	  2-­‐step	  CVD	  as	  shown	  in	  
Figure	  2.7,	  polymer	  1	  was	  first	  coated	  on	  the	  whole	  surface,	  followed	  by	  polymer	  2	  
coated	  on	  selected	  areas	  of	  the	  surface	  with	  the	  help	  of	  PDMS	  microstencil.	  The	  
fabrication	  of	  PDMS	  microstencil	  was	  described	  in	  our	  previous	  papers.18,	  25	  
Surface	  Characterization	  
IR	  spectra	  were	  recorded	  on	  a	  Nicolet	  6700	  spectrometer	  with	  the	  grazing	  
angle	  accessory	  (Smart	  SAGA)	  at	  a	  grazing	  angle	  of	  80°.	  XPS	  were	  performed	  on	  an	  
Axis	  Ultra	  X-­‐ray	  photoelectron	  spectrometer	  (Kratos	  Analyticals,	  UK)	  equipped	  with	  
a	  monochromatized	  AlKα	  X-­‐ray	  source.	  All	  spectra	  were	  calibrated	  with	  respect	  to	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the	  non-­‐functionalized	  aliphatic	  carbon	  with	  a	  binding	  energy	  of	  285.0	  eV.	  
Thicknesses	  were	  measured	  on	  silicon	  substrate	  by	  Imaging	  Spectroscopic	  
Ellipsometer	  (Accurion,	  Nanofilm	  EP³-­‐SE).	  Ellipsometric	  parameters	  were	  fitted	  
using	  Cauchy	  model.	  Both	  multi-­‐wavelength	  4-­‐zone	  nulling	  and	  mapping	  
experiments	  were	  performed	  at	  an	  angle	  of	  incidence	  of	  70˚.	  The	  imaging	  lateral	  
resolution	  is	  ~2	  micron	  for	  the	  10×	  objective.	  
Surface	  Immobilization	  
For	  microcontact	  printing,	  PDMS	  stamps	  were	  inked	  with	  water	  solution	  of	  
Biotin-­‐dPEG®3+4-­‐azide	  (10mg/ml,	  Quanta	  BioDesign,	  Ltd.)	  and	  printed	  for	  3	  h	  on	  
different	  polymer	  surfaces.	  After	  thorough	  washing,	  the	  samples	  were	  incubated	  in	  
TRITC	  conjugated	  streptavidin	  (10µg/ml,	  Fisher	  Scientific)	  in	  PBS	  containing	  0.1	  %	  
(w/v)	  bovine	  albumin	  and	  Tween	  20	  (0.02	  %	  (v/v))	  for	  1	  h.	  Subsequently,	  the	  
samples	  were	  washed,	  dried	  and	  observed	  under	  fluorescence	  microscope	  (Nikon	  
Eclipse	  80i).	  
Similarly,	  for	  solution	  reactions	  on	  microengineered	  surfaces,	  samples	  were	  
incubated	  in	  solution	  of	  Biotin-­‐dPEG®3+4-­‐azide	  (10mg/ml,	  without	  copper	  for	  Figure	  
2.6	  and	  with	  copper	  for	  Figure	  2.7)	  for	  12h	  followed	  by	  washing	  and	  TRITC-­‐
streptavidin	  incubation	  described	  above.	  For	  the	  experiment	  in	  Figure	  2.7,	  the	  
sample	  was	  first	  incubated	  in	  copper-­‐free	  water	  solution	  of	  Oregon	  Green®	  488	  
azide	  (20µg/ml,	  Invitrogen)	  for	  12h.	  Subsequently,	  the	  sample	  was	  washed	  and	  
incubated	  in	  Biotin-­‐dPEG®3+4-­‐azide	  solution	  with	  sodium	  ascorbate	  (50mg/ml)	  and	  
copper	  sulfate	  (0.1mM).	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2.1.3	  Results	  and	  Discussion	  
	  
Figure	  2.3	  CVD	  polymerization	  process	  of	  polymers	  with	  inactivated	  (1)	  and	  
activated	  alkyne	  groups	  (2).	  
	  
As	  shown	  in	  Figure	  2.3,	  [2.2]paracyclophane-­‐4-­‐methyl	  propiolate	  was	  
sublimed	  at	  100	  ˚C	  and	  0.07	  Torr	  and	  then	  subjected	  to	  thermal	  pyrolysis	  at	  510	  ˚C	  
in	  vacuum	  to	  generate	  reactive	  species	  that	  spontaneously	  polymerized	  upon	  
adhesion	  onto	  the	  cooled	  substrate,	  which	  was	  maintained	  at	  15	  ˚C.	  This	  procedure	  
resulted	  in	  a	  homogenous	  polymer	  film	  that	  was	  stable	  in	  aqueous	  solutions	  and	  
organic	  solvents	  such	  as	  ethanol,	  acetone,	  dichloromethane,	  or	  chloroform.	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Figure	  2.4	  a)	  FTIR	  spectrum	  for	  poly[(p-­‐xylylene-­‐4-­‐methyl-­‐propiolate)-­‐co-­‐(p-­‐
xylylene)]	  (2);	  b)	  chemical	  composition	  of	  polymer	  2	  determined	  by	  XPS.	  
Experimental	  values	  are	  compared	  with	  calculated	  values.	  Spectra	  are	  shown	  in	  
supplemental	  Figure	  2.8.	  
	  
	  
FTIR	  spectroscopy	  and	  X-­‐ray	  photoelectron	  spectroscopy	  (XPS)	  were	  used	  to	  
assess	  the	  chemical	  structure	  of	  this	  newly	  synthesized	  polymer	  film	  and	  confirmed	  
that	  the	  resulting	  polymer	  was	  indeed	  poly[(p-­‐xylylene-­‐4-­‐methyl	  propiolate)-­‐co-­‐p-­‐
xylylene]	  (2,	  Figure	  2.4).	  The	  FTIR	  spectrum	  clearly	  shows	  C-­‐H	  stretches	  at	  3265	  
cm-­‐1	  and	  -­‐C≡C-­‐	  stretches	  at	  2120	  cm-­‐1,	  which	  are	  characteristic	  of	  the	  terminal	  
alkyne	  groups.	  The	  carbonyl	  C=O	  stretch	  at	  1718	  cm-­‐1	  and	  C-­‐O	  stretch	  at	  1219	  cm-­‐1	  
identify	  the	  presence	  of	  ester	  bonds.	  No	  signs	  of	  decomposition	  or	  side	  reactions	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were	  observed.	  XPS	  was	  used	  to	  further	  confirm	  the	  chemical	  composition	  of	  the	  
polymer	  films.	  From	  the	  XPS	  survey	  spectrum,	  the	  atomic	  ratios	  of	  C1s	  and	  O1s	  
were	  found	  to	  be	  90.9%	  (calcd:	  90.9%)	  and	  9.1%	  (calcd:	  9.1%),	  respectively.	  The	  
calculated	  values	  based	  on	  the	  structure	  of	  the	  starting	  material	  
[2.2]paracyclophane-­‐4-­‐methyl	  propiolate	  were	  consistent	  with	  the	  experimental	  
results	  shown	  in	  Figure	  2.4b.	  This	  observation	  confirmed	  that	  polymer	  2	  was	  
successfully	  synthesized	  by	  CVD	  polymerization.	  
	  
	  
Figure	  2.5	  Chemical	  reactivity	  comparison	  of	  polymer	  1	  and	  2	  at	  copper-­‐free	  
condition	  using	  µCP	  for	  3	  h	  at	  room	  temperature.	  CVD	  polymer	  coatings	  on	  the	  
samples:	  (a)	  poly-­‐p-­‐xylylene	  (no	  reactive	  functional	  group,	  R=H	  in	  Figure	  2.3);	  (b)	  
polymer	  1	  (with	  inactivated	  alkyne);	  (c)	  polymer	  2	  (with	  activated	  alkyne).	  After	  
CVD	  coating,	  the	  same	  treatment	  was	  done	  to	  samples	  in	  all	  the	  3	  images:	  µCP	  of	  
biotin-­‐PEG-­‐azide	  followed	  by	  TRITC	  streptavidin	  solution	  incubation.	  Scale	  bars	  
represent	  500	  µm.	  
	  
After	  verification	  of	  the	  chemical	  composition	  of	  polymer	  2,	  we	  tested	  the	  
chemical	  reactivity	  of	  polymer	  2	  towards	  azide	  groups	  under	  copper-­‐free	  conditions	  
and	  compared	  it	  to	  the	  previously	  reported	  poly[4-­‐ethynyl-­‐p-­‐xylylene-­‐co-­‐p-­‐
xylylene]	  (1);8b	  reactions	  were	  carried	  out	  by	  microcontact	  printing	  (µCP;	  Figure	  
2.5).	  µCP	  is	  a	  commonly	  used	  method	  to	  generate	  micro-­‐scale	  patterns	  and	  has	  been	  
used	  in	  the	  past	  to	  modify	  functionalized	  poly(p-­‐xylylene)s.8b,	  31	  By	  using	  µCP,	  high	  
local	  concentrations	  of	  reagents	  in	  the	  contact	  area	  can	  be	  achieved	  that	  can	  lead	  to	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significantly	  increased	  reaction	  rates.32	  Rozkiewics	  et	  al.	  reported	  printing	  of	  
acetylene	  groups	  onto	  azide-­‐functionalized	  self-­‐assembled	  monolayers	  without	  the	  
use	  of	  a	  copper	  catalyst.32a	  The	  microcontact	  printing	  approach	  further	  enables	  the	  
selective	  reaction	  of	  defined	  surface	  areas	  embedded	  in	  a	  background	  of	  unreacted	  
material;	  this	  unreacted	  material	  can	  be	  used	  as	  internal	  control	  in	  subsequent	  
immobilization	  steps.	  Herein,	  a	  water-­‐based	  solution	  of	  biotin–PEG–azide	  was	  used	  
as	  ink	  to	  print	  onto	  three	  different	  surfaces:	  polymer	  2,	  polymer	  1,	  and	  
unfunctionalized	  poly(p-­‐xylylene).	  Poly(p-­‐xylylene)	  has	  the	  same	  backbone	  as	  
coatings	  1	  and	  2,	  but	  does	  not	  contain	  reactive	  functional	  groups	  (R=H	  in	  Figure	  
2.3).	  This	  polymer	  was	  used	  as	  control	  compound	  to	  assess	  nonspecific	  adsorption	  
onto	  the	  surfaces.	  Biotin	  was	  immobilized	  on	  polymer	  2	  through	  the	  triazole	  linker	  
formed	  under	  copper-­‐free	  conditions	  in	  water.	  Tetramethylrhodamine-­‐5(6)-­‐
isothiocyanate	  (TRITC)	  conjugated	  streptavidin	  was	  then	  used	  to	  visualize	  the	  
patterns.33	  In	  Figure	  2.5,	  fluorescence	  patterns	  that	  are	  indicative	  of	  immobilized	  
TRITC–streptavidin	  bound	  to	  biotin	  are	  only	  observed	  on	  polymer	  2,	  but	  not	  on	  
polymer	  1	  or	  the	  unfunctionalized	  polymer.	  This	  result	  verifies	  that	  under	  copper-­‐
free	  conditions	  at	  room	  temperature,	  polymer	  2	  successfully	  reacted	  with	  biotin–
PEG–azide,	  while	  polymer	  1	  and	  poly(p-­‐xylylene)	  showed	  no	  reaction.	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Figure	  2.6	  Chemical	  reactivity	  comparison	  of	  polymer	  1	  and	  2	  under	  copper-­‐free	  
conditions	  in	  solution	  reactions	  at	  room	  temperature.	  Samples	  coated	  by	  a	  2-­‐step	  
CVD	  process	  using	  the	  VAMPIR	  technique	  resulted	  in	  surfaces	  with	  different	  
polymer	  coatings	  inside	  and	  outside	  the	  squares.	  a1),	  a2),	  b)	  polymer	  2	  inside	  the	  
squares	  and	  polymer	  1	  outside	  as	  shown	  in	  Figure	  2.7,	  c)	  the	  reverse	  pattern,	  where	  
polymer	  1	  is	  inside	  the	  squares.	  a1)	  bright	  field	  image	  of	  sample	  incubated	  in	  
deionized	  water	  and	  then	  TRITC–streptavidin,	  a2)	  same	  sample	  as	  in	  (a1)	  but	  under	  
red	  channel.	  b)	  and	  c)	  samples	  incubated	  in	  biotin–PEG–azide	  water	  solution	  and	  
then	  TRITC–streptavidin	  solution.	  Scale	  bars	  represent	  200	  µm.	  
	  
	  
We	  then	  prepared	  microengineered	  surfaces	  that	  contained	  either	  polymer	  1	  
or	  polymer	  2	  in	  different	  surface	  areas	  (Figure	  2.6).	  We	  hypothesized	  that	  such	  an	  
approach	  would	  enable	  a	  head-­‐to-­‐head	  comparison	  of	  the	  activated	  versus	  
nonactivated	  polymer	  coatings	  under	  otherwise	  identical	  reaction	  conditions.	  This	  
approach	  was	  carried	  out	  by	  first	  coating	  the	  entire	  substrate	  with	  one	  layer	  of	  
polymer	  1	  and	  then	  depositing	  a	  second	  layer	  of	  polymer	  2	  onto	  selected	  surface	  
areas	  using	  the	  previously	  developed	  vapor-­‐assisted	  micropatterning	  in	  replica	  
structures	  (VAMPIR)	  technique.18,	  25	  The	  only	  exception	  is	  shown	  in	  Figure	  2.6c,	  
where	  the	  coating	  sequence	  was	  reversed.	  The	  difference	  in	  thickness	  between	  the	  
two	  polymer	  layers	  for	  all	  microengineered	  samples	  used	  in	  this	  study	  was	  
measured	  to	  be	  3–4	  nm	  by	  imaging	  ellipsometry.	  An	  example	  of	  a	  representative	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thickness	  measurement	  is	  shown	  in	  Figure	  2.9.	  To	  ensure	  that	  the	  fluorescence	  
contrast	  does	  not	  stem	  from	  possible	  auto-­‐fluorescence	  of	  the	  polymers,	  the	  sample	  
shown	  in	  Figure	  2.6a1	  and	  a2	  was	  never	  in	  contact	  with	  any	  azide	  compound,	  but	  
was	  exposed	  to	  deionized	  water	  and	  then	  TRITC–streptavidin	  solution	  only.	  The	  
microengineered	  surface	  did	  not	  show	  any	  fluorescence	  signal	  (Figure	  2.6a2),	  hence	  
confirming	  that	  auto-­‐fluorescence	  of	  the	  polymers	  was	  negligible	  and	  thus	  would	  
not	  interfere	  with	  the	  bioconjugation	  study.	  The	  contrast	  in	  the	  bright-­‐field	  image	  
(Figure	  2.6a1)	  was	  caused	  by	  differences	  in	  thickness	  between	  the	  polymer	  layers	  
and	  confirmed	  that	  the	  surface	  was	  successfully	  microengineered.	  Figure	  2.6b	  and	  c	  
show	  fluorescence	  images	  of	  two	  different	  surfaces	  that	  were	  modified	  to	  present	  
inverse	  polymer	  patterns,	  which	  were	  achieved	  by	  simply	  reversing	  the	  coating	  
sequence.	  Independent	  of	  the	  sequence	  of	  deposition,	  the	  results	  were	  the	  same,	  
that	  is,	  only	  polymer	  2	  reacted	  with	  biotin–PEG–azide,	  while	  polymer	  1	  did	  not	  
reveal	  any	  significant	  fluorescence	  signal.	  Note	  that	  the	  reaction	  time	  for	  solution-­‐
based	  reaction	  was	  12	  h	  and	  thus	  longer	  than	  for	  the	  µCP	  experiments,	  which	  were	  
allowed	  to	  proceed	  for	  3	  h	  only.	  Even	  under	  prolonged	  exposure	  times,	  the	  
selectivity	  was	  high	  and	  biotin–azide	  molecules	  were	  confined	  to	  areas	  that	  present	  
propiolate	  groups.	  We	  observed	  that	  the	  copper-­‐free	  reaction	  for	  polymer	  2	  started	  
within	  seconds,	  as	  we	  could	  already	  observe	  initial	  contrast	  in	  the	  fluorescence	  
signal	  after	  printing	  for	  10	  seconds	  (Figure	  2.10).	  
	   26	  
	  
Figure	  2.7	  Scheme	  of	  two-­‐step	  click	  reactions	  on	  surface	  coated	  with	  different	  
polymers	  in	  different	  selected	  areas.	  The	  goal	  is	  to	  achieve	  sequential	  
immobilization	  of	  molecules	  on	  defined	  areas	  of	  the	  same	  surface	  by	  utilizing	  the	  
different	  reactivity	  of	  activated	  and	  nonactivated	  alkynyl	  groups	  towards	  azide	  
groups.	  a),	  b),	  c)	  Fluorescence	  images	  of	  samples	  prepared	  exactly	  as	  shown	  in	  the	  
schematic	  representation.	  b)	  overlay	  image	  of	  green	  and	  red	  channels	  shown	  in	  (a)	  
and	  (c).	  Scale	  bar	  represents	  200	  µm.	  
	  
	  
Finally,	  we	  took	  advantage	  of	  the	  difference	  in	  reactivity	  between	  polymers	  1	  
and	  2	  and	  developed	  a	  cascade	  of	  bioorthogonal	  reactions.2-­‐3	  We	  devised	  a	  2-­‐step	  
“click”	  chemistry	  procedure	  for	  sequential	  immobilization	  of	  different	  molecules	  on	  
separate	  areas	  of	  the	  same	  surface	  (Figure	  2.7).	  The	  cascade	  was	  put	  into	  effect	  by	  
azide–alkyne	  reactions	  on	  the	  surface,	  first	  without	  and	  then	  with	  Cu	  catalyst	  (only	  
in	  this	  order).	  Using	  microengineered	  substrates	  similar	  to	  the	  ones	  used	  above,	  the	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electron-­‐deficient	  alkyne	  groups	  were	  first	  reacted	  inside	  the	  squares	  with	  Oregon	  
488	  azide	  in	  deionized	  water	  at	  room	  temperature.	  Under	  these	  conditions,	  the	  
nonactivated	  alkyne	  groups	  that	  were	  located	  in	  the	  remaining	  areas	  did	  not	  react.	  
In	  a	  second	  reaction	  step,	  we	  used	  CuAAC	  to	  immobilize	  biotin–PEG–azide	  moieties	  
on	  the	  remaining	  background.	  Subsequent	  self-­‐assembly	  of	  a	  TRITC–streptavidin	  
allowed	  for	  visualization	  of	  the	  selective	  surface	  modification.	  Figure	  2.7b	  shows	  the	  
overlay	  image	  of	  green	  and	  red	  channels,	  clearly	  with	  two	  different	  molecules	  
immobilized	  on	  separate	  defined	  areas	  of	  the	  same	  surface.	  No	  cross-­‐reaction	  of	  
different	  areas	  was	  observed,	  thus	  indicating	  a	  high	  degree	  of	  selectivity	  as	  well	  as	  




A	  potential	  limitation	  of	  this	  work	  is	  that	  the	  copper-­‐free	  reaction	  has	  always	  
to	  occur	  first.	  Reversal	  of	  the	  reaction	  sequence	  is	  not	  possible	  in	  this	  specific	  
example.	  However,	  the	  newly	  synthesized	  CVD	  coating	  with	  activated	  alkyne	  groups	  
could	  also	  be	  used	  in	  conjunction	  with	  other	  bioorthogonal	  reactions	  that	  have	  been	  
previously	  shown	  to	  be	  compatible	  with	  CVD	  coatings.31,	  34	  Ultimately,	  the	  “double-­‐
click”	  approach	  proposed	  herein	  as	  well	  as	  other	  bioorthogonal	  immobilization	  
strategies2-­‐3	  will	  likely	  find	  applications	  in	  areas,	  in	  which	  controlled	  immobilization	  
of	  multiple	  ligands	  is	  needed.	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Figure	  2.8	  XPS	  survey	  spectrum	  and	  high-­‐resolution	  peak	  fittings	  corresponding	  to	  
the	  reported	  in	  the	  table	  of	  Figure	  1.	  




Figure	  2.9	  Thickness	  measurement	  on	  the	  micro-­‐engineered	  surface	  by	  Imaging	  
Ellipsometry.	  The	  thickness	  map	  was	  generated	  from	  delta	  map	  at	  658nm	  by	  
modeling.	  For	  more	  accurate	  measurement,	  multiwavelength	  4-­‐zone	  nulling	  was	  
used	  to	  measure	  the	  average	  thickness	  of	  the	  region	  of	  interest	  (ROI)	  0	  and	  1	  in	  the	  
image.	  For	  this	  particular	  sample,	  thickness	  for	  ROI	  0	  and	  ROI	  1	  is	  51.2	  nm	  and	  48.1	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2.2	  Bio-­‐Orthogonal	  Polymer	  Coatings	  for	  Co-­‐Presentation	  of	  Biomolecules	  
	  
2.2.1	  Introduction	  
The	  fate	  of	  cells	  cultured	  in	  a	  synthetic	  environment	  is,	  at	  least	  in	  part,	  
governed	  by	  interactions	  with	  biomolecules	  on	  the	  substrate	  surface.1	  The	  latter	  act	  
as	  recognition	  sites	  that	  can	  induce	  and	  mitigate	  vital	  cellular	  functions	  such	  as	  
adhesion,	  migration,	  and	  differentiation.1b	  Potential	  applications	  include	  
modification	  of	  implants35	  such	  as	  stents,	  pacemakers,	  or	  grafts;	  use	  of	  polymer	  
substrates	  for	  in	  vitro	  cell	  culture;36	  or	  design	  of	  bioanalytical	  tools	  such	  as	  
microarrays	  for	  protein,	  DNA,	  or	  polysaccharide	  detection.37	  Because	  of	  the	  central	  
role	  that	  cell–protein	  interactions	  play	  in	  biology,	  advanced	  applications	  in	  medicine	  
and	  biotechnology	  require	  precise	  presentation	  of	  signaling	  molecules	  on	  the	  
substrate	  surfaces.	  This	  revelation	  fueled	  a	  wide	  range	  of	  research	  activities	  focused	  
on	  the	  controlled	  presentation	  of	  biomolecules	  on	  synthetic	  substrates.	  Initial	  work	  
has	  included	  physisorption	  of	  proteins	  on	  substrate	  surfaces	  and	  covalent	  
attachment	  using	  a	  number	  of	  nonspecific	  crosslinking	  reactions.38	  More	  recent	  
activities	  have	  taken	  advantage	  of	  novel	  immobilization	  concepts,	  such	  as	  click	  
chemistry,	  to	  achieve	  controlled	  orientation	  of	  biomolecules	  on	  surfaces.39	  The	  high	  
specificity	  of	  click	  reactions	  may	  potentially	  provide	  an	  additional	  advantage:	  the	  
possibility	  of	  presenting	  a	  combination	  of	  multiple	  biomolecules	  on	  the	  same	  
surface	  using	  orthogonal	  chemical	  reactions,	  that	  is,	  reactions	  that	  do	  not	  show	  
cross-­‐reactivity	  toward	  their	  biological	  target	  molecules.2,	  3b	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Previously,	  we	  have	  developed	  chemical	  vapor	  deposition	  (CVD)	  
polymerization	  technology	  to	  coat	  a	  range	  of	  functionalized	  poly-­‐p-­‐xylylenes	  on	  a	  
variety	  of	  substrates.9,	  15	  These	  reactive	  coatings	  provide	  different	  functional	  groups	  
on	  different	  coatings	  that	  were	  used	  for	  immobilization	  of	  biomolecules	  such	  as	  
peptides,	  proteins,	  and	  DNA.14-­‐15,	  35a	  Moreover,	  it	  has	  been	  established	  that	  CVD	  
copolymerization	  of	  [2.2]paracyclophanes	  containing	  different	  functional	  groups	  
can	  be	  realized.	  This	  produces	  multipotent	  polymer	  coatings,	  which	  can	  be	  used	  for	  
simultaneous	  presentation	  of	  multiple	  molecules	  in	  controlled	  ratios.3b	  
With	  a	  number	  of	  specific	  chemical	  reactions	  in	  hand,11	  the	  focus	  of	  
biomedical	  engineers	  is	  now	  shifting	  from	  model	  systems	  to	  technology	  platforms	  
that	  are	  equally	  applicable	  to	  a	  wide	  range	  of	  different	  substrate	  materials.	  Copper-­‐
catalyzed	  azide–alkyne	  1,3-­‐dipolar	  cycloaddition	  is	  one	  of	  the	  bio-­‐orthogonal	  
reactions,	  as	  defined	  by	  Sletten	  and	  Bertozzi.2	  The	  reaction	  is	  also	  known	  as	  one	  of	  
the	  “click”	  reactions,4	  which	  are	  characterized	  by	  high	  reaction	  rate	  and	  selectivity.	  
The	  azide–alkyne	  1,3-­‐dipolar	  cycloaddition	  has	  been	  used	  in	  a	  wide	  variety	  of	  
applications,	  such	  as	  bioconjugation,	  drug	  design,	  organic	  synthesis,	  and	  polymer	  
design.40	  Pentafluorophenyl	  ester	  (Pfp-­‐ester)	  groups	  are	  active	  esters	  commonly	  
used	  in	  peptide	  synthesis,	  organic	  synthesis,	  polymer	  chemistry,	  and	  surface	  
chemistry.31,	  41	  Pentafluorophenyl	  ester	  groups	  can	  rapidly	  react	  with	  amines	  to	  
form	  amide	  bond	  with	  no	  side	  reactions	  under	  mild	  conditions	  thus	  suitable	  for	  one-­‐
step	  immobilizations	  of	  proteins	  onto	  surface.41c	  
Vapor-­‐based	  coatings	  provide	  an	  attractive	  solution	  to	  major	  requirements	  
associated	  with	  biomolecule	  immobilization	  applications,	  as	  they	  can	  result	  in	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ultrathin,	  conformal	  coatings	  that	  de	  facto	  decouple	  the	  surface	  properties	  from	  the	  
underlying	  bulk	  material.10	  In	  this	  chapter	  section,	  we	  design	  a	  multifunctional	  
coating	  for	  simultaneous	  click	  reaction	  and	  active	  ester	  chemistry	  to	  achieve	  co-­‐
presentation	  of	  epidermal	  growth	  factor	  (EGF)	  and	  cyclic	  argine-­‐glycine-­‐aspartic	  
acid	  (cRDG)	  adhesion	  peptides.	  Cell	  responses	  on	  the	  surface	  immobilized	  with	  two	  
different	  biomolecules	  were	  then	  tested.	  (Scheme	  shown	  in	  Figure	  2.13a)	  Our	  
approach	  builds	  on	  recent	  progress	  with	  CVD	  co-­‐polymerization,	  to	  develop	  
multifunctional	  coatings	  that	  (1)	  can	  present	  two	  different	  biomolecules,	  that	  is,	  
cyclic	  RGD	  peptide	  (cRGD)	  and	  epidermal	  growth	  factor	  (EGF);	  (2)	  offer	  orthogonal	  




Figure	  2.11	  CVD	  copolymerization	  of	  [2.2]paracyclophanes	  with	  pentafluorophenyl	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2.2.2	  Experimental	  Section	  
All	  materials	  were	  purchased	  from	  Sigma–Aldrich	  and	  used	  without	  further	  
purification	  unless	  otherwise	  indicated.	  
CVD	  Co-­‐Polymerization	  
The	  synthesis	  of	  the	  two	  precursors	  used	  in	  this	  study,	  4-­‐pentafluorophenyl	  
ester[2.2]paracyclophane	  and	  4-­‐ethynyl[2.2]	  paracyclophane	  was	  described	  
elsewhere.8b,	  15	  CVD	  co-­‐polymerization	  was	  performed	  using	  1:1	  molar	  mixtures	  of	  
the	  two	  precursors	  as	  shown	  in	  Figure	  2.11	  .	  The	  precursors	  sublimated	  under	  0.07	  
Torr	  at	  temperatures	  above	  100	  °C	  and	  were	  transferred	  in	  a	  stream	  of	  argon	  
carrier	  gas	  (20	  sccm)	  to	  the	  pyrolysis	  zone	  (560	  °C).	  Following	  pyrolysis,	  the	  
diradicals	  were	  transferred	  into	  the	  deposition	  chamber,	  with	  the	  chamber	  wall	  
temperature	  adjusted	  to	  120	  °C	  and	  substrates	  cooled	  to	  15	  °C	  to	  optimize	  the	  
deposition.	  Moreover,	  rotation	  of	  the	  substrates	  ensured	  uniform	  film	  thickness.	  
Surface	  Characterization	  
IR	  spectroscopy	  was	  performed	  on	  a	  Nicolet	  6700	  spectrometer	  with	  the	  
MCT-­‐A	  detector	  and	  the	  grazing	  angle	  accessory	  (Smart	  SAGA)	  at	  a	  grazing	  angle	  of	  
80°.	  The	  coatings	  for	  IR	  characterization	  were	  all	  controlled	  at	  50–60	  nm.	  XPS	  data	  
were	  recorded	  on	  an	  Axis	  Ultra	  X-­‐ray	  photoelectron	  spectrometer	  (Kratos	  
Analyticals,	  UK)	  equipped	  with	  a	  monochromatized	  AlK	  α	  X-­‐ray	  source	  (takeoff	  
angle	  90	  °	  ).	  All	  spectra	  were	  calibrated	  with	  respect	  to	  the	  non-­‐functionalized	  
aliphatic	  carbon	  with	  a	  binding	  energy	  of	  285.0	  eV.	  Thicknesses	  were	  measured	  by	  
Imaging	  Spectroscopic	  Ellipsometer	  (Accurion,	  Nanofi	  lm	  EP3	  -­‐SE).	  Ellipsometric	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parameters	  were	  fitted	  using	  Cauchy	  model.	  The	  imaging	  lateral	  resolution	  is	  ≈	  2	  μm	  
for	  the	  10	  ×	  objective.	  
Immobilization	  of	  EGF	  
The	  procedure	  of	  immobilization	  of	  epidermal	  growth	  factor	  (EGF)	  and	  
adhesion	  peptide	  is	  shown	  in	  Figure	  2.13a.	  Microcontact	  printing	  (μCP)	  was	  used	  in	  
this	  study	  to	  confirm	  each	  immobilization	  step.	  PDMS	  stamps	  were	  created	  as	  
described	  elsewhere.25	  Stamps	  were	  oxidized	  for	  20	  min	  using	  UV-­‐ozone	  cleaner	  
before	  use.	  The	  stamps	  inked	  with	  EGF	  solution	  (10	  μg	  mL−1	  in	  PBS)	  were	  kept	  in	  
contact	  with	  the	  sample	  surface	  for	  10	  min.	  After	  stamp	  removal,	  the	  patterned	  
samples	  were	  thoroughly	  washed	  with	  PBS.	  The	  immobilization	  reactions	  in	  
solution	  without	  using	  μCP	  were	  the	  same	  as	  described	  above.	  The	  substrates	  
immobilized	  with	  EGF	  were	  incubated	  with	  an	  anti-­‐EGF	  antibody	  (a	  mouse	  IgG	  
antibody)	  diluted	  in	  PBS	  containing	  0.1%	  (w/v)	  bovine	  albumin	  and	  Tween	  20	  
(0.02%	  (v/v))	  (10	  μg	  mL−1)	  for	  1	  h.	  After	  washing	  with	  the	  PBS/BSA/Tween	  buffer,	  
the	  samples	  were	  incubated	  in	  the	  PBS/BSA/Tween	  buffer	  containing	  FITC	  
conjugated	  antimouse	  IgG	  (10	  μg	  mL−1)	  for	  1	  h.	  The	  stained	  samples	  were	  then	  
washed	  with	  PBS,	  rinsed	  with	  distilled	  water,	  and	  observed	  under	  a	  fl	  uorescence	  
microscope	  (Olympus	  BX-­‐51,	  Japan).	  
Immobilization	  of	  the	  cRGD	  Peptide	  
cRGD	  peptide	  with	  an	  azide	  end	  group	  (cyclo(azidoK-­‐RGDf),	  Kinexus,	  
Canada)	  was	  dissolved	  in	  an	  aqueous	  solution	  of	  sodium	  ascorbate	  (50	  mg	  mL−1)	  
and	  copper(II)	  sulfate	  (0.1	  ×	  10−3	  M).	  The	  peptide	  concentration	  was	  50	  μg	  mL−1.	  
The	  stamp	  inked	  with	  the	  peptide	  azide	  solution	  was	  then	  kept	  in	  contact	  with	  the	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sample	  surface	  for	  4	  h,	  followed	  by	  stamp	  removal	  and	  repeated	  washing	  with	  PBS	  
and	  deionized	  water.	  The	  condition	  was	  the	  same	  for	  reaction	  in	  solution	  without	  
using	  μCP.	  
	  
Adhesion	  and	  Spreading	  of	  Endothelial	  Cells	  
Copolymer	  3	  was	  deposited	  via	  CVD	  onto	  silicon	  and	  modified	  as	  outlined	  
above	  to	  present	  tethered	  EGF,	  cRGD,	  EGF+cRGD,	  or	  passivated	  with	  2-­‐(2-­‐
aminoethoxy)ethanol	  (AEE).	  Once	  modified,	  these	  surfaces	  were	  washed	  thoroughly	  
and	  placed	  in	  a	  24-­‐well	  plate.	  Human	  umbilical	  vein	  endothelial	  cells	  (HUVEC,	  
Lonza)	  were	  cultured	  on	  the	  modified	  surfaces	  at	  a	  concentration	  of	  5×104	  cells/ml	  
for	  4	  hours	  in	  serum-­‐free	  EBM	  (Lonza).	  Passages	  3-­‐6	  were	  used	  for	  all	  experiments.	  
The	  cells	  were	  then	  fixed	  with	  4%	  paraformaldehyde	  in	  DPBS	  and	  stained	  for	  actin	  
with	  Alexa	  Fluor®	  568-­‐phallodin	  (Invitrogen).	  The	  surfaces	  were	  mounted	  with	  
ProLong	  Gold	  +	  DAPI	  (Invitrogen)	  and	  imaged	  using	  an	  Olympus	  BX-­‐51	  fluorescence	  
microscope.	  The	  average	  area	  of	  the	  cells	  was	  measured	  via	  ImageJ,	  and	  performed	  
by	  dividing	  total	  cell	  area	  by	  total	  number	  of	  cells	  (equated	  to	  total	  number	  of	  
individually	  counted	  DAPI	  stains).	  The	  results	  show	  three	  independent	  trials	  
averaged;	  error	  bars	  are	  standard	  error	  (standard	  deviation	  divided	  by	  the	  square	  
root	  of	  the	  total	  number	  of	  images	  taken	  over	  three	  trials),	  and	  p-­‐values	  are	  
calculated	  using	  all	  images	  from	  all	  trials.	  
Phosphorylated	  EGFR	  Immunofluorescence	  
The	  epidermal	  carcinoma	  line	  A431	  (ATCC,	  Manassas,	  VA)	  was	  cultured	  in	  
polystyrene	  flasks	  (Corning,	  Lowell,	  MA)	  at	  37	  °C	  and	  in	  a	  humidified	  5%	  CO2	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atmosphere	  until	  100%	  cell	  confluence	  were	  observed.	  Passage	  3	  was	  used	  for	  all	  
experiments.	  18	  hours	  prior	  to	  incubation	  with	  the	  modified	  surfaces,	  the	  A431	  
culture	  was	  serum-­‐starved.	  A431	  cells	  were	  trypsinized,	  spun	  down	  at	  100xg,	  and	  
resuspended	  with	  serum-­‐free	  DMEM	  (ATCC)	  to	  a	  cell	  concentration	  of	  5×104	  
cells/ml.	  A	  volume	  of	  0.5	  ml	  of	  A431	  suspension	  was	  added	  to	  each	  well	  containing	  a	  
surface.	  After	  90	  minutes	  of	  incubation	  at	  37	  °C/5%	  CO2,	  the	  cells	  were	  briefly	  
washed	  with	  PBS,	  then	  fixed	  with	  4%	  paraformaldehyde.	  After	  three	  five-­‐minute	  
PBS	  washes,	  the	  surfaces	  were	  incubated	  with	  blocking	  buffer	  (5%	  normal	  goat	  
serum	  (Invitrogen,	  Carlsbad,	  CA),	  0.3%	  Triton-­‐X	  100	  (Sigma-­‐Aldrich)	  in	  PBS)	  for	  one	  
hour	  followed	  by	  overnight	  incubation	  with	  primary	  antibody	  Phospho-­‐EGF	  
Receptor	  (Tyr1068)	  (D7A5)	  XP™	  Rabbit	  mAb	  (Cell	  Signaling	  Technology,	  Danvers,	  
MA).	  Incubation	  with	  secondary	  antibody	  Anti-­‐rabbit	  IgG	  (H+L),	  F(ab')2	  Fragment	  
(Alexa	  Fluor®	  488	  Conjugate)	  for	  two	  hours	  followed;	  finally	  the	  surfaces	  were	  
cured	  on	  glass	  slides	  with	  ProLong	  Gold	  +	  DAPI	  (Invitrogen)	  and	  imaged	  using	  an	  
Olympus	  BX-­‐51	  fluorescence	  microscope.	  The	  quantity	  of	  immunofluorescence	  as	  a	  
ratio	  of	  total	  grey	  pixilation	  to	  cell	  area	  minus	  threshold	  was	  measured	  via	  ImageJ.	  
The	  results	  show	  three	  independent	  trials	  averaged;	  error	  bars	  are	  standard	  error	  
(standard	  deviation	  divided	  by	  the	  square	  root	  of	  the	  total	  number	  of	  images	  taken	  
over	  three	  trials),	  and	  p-­‐values	  are	  calculated	  using	  all	  images	  from	  all	  trials.	  
EGF	  EC50	  Measurement	  
A431	  cells	  were	  cultured	  as	  previously	  described,	  and	  starved	  for	  18	  hours	  
prior	  to	  incubation.	  Cells	  were	  trypsonized	  and	  cultured	  on	  AEE-­‐modified	  surfaces,	  
then	  incubated	  with	  a	  range	  of	  soluble	  EGF	  concentrations	  from	  0.1	  to	  1000	  ng/ml	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for	  1	  hour.	  pEGFR	  was	  then	  measured	  via	  the	  immunofluorescence	  protocol	  
described	  above,	  including	  the	  same	  primary	  and	  secondary	  antibodies.	  EC50	  data	  
was	  fitted	  and	  analyzed	  using	  GraphPad	  Prism	  version	  5.01	  for	  Windows	  (GraphPad	  
Software,	  San	  Diego	  California	  USA)	  using	  the	  modified	  variable	  slope	  model.	  
Image	  and	  Statistical	  Analysis	  
The	  software	  package	  ImageJ	  (NIH)	  was	  used	  to	  analyze	  all	  images.	  
Normalized	  cell	  spreading	  was	  quantified	  by	  measuring	  the	  total	  cell	  area	  and	  
dividing	  by	  the	  total	  number	  of	  cells	  (counted	  by	  DAPI	  spot).	  Magnitude	  of	  
fluorescence	  quantification	  was	  performed	  by	  converting	  the	  images	  to	  a	  32-­‐bit	  gray	  
scale	  and	  then	  measuring	  the	  mean	  gray	  value.	  All	  error	  bars	  with	  the	  exception	  of	  
the	  EC50	  graph	  (which	  show	  standard	  deviation)	  represent	  standard	  error	  (one	  
standard	  deviation	  from	  the	  mean	  divided	  by	  the	  square	  root	  of	  the	  total	  number	  of	  
images	  averaged).	  Statistical	  significance	  was	  determined	  using	  Students	  two-­‐tailed	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1 2 3 
C-C/H 285.0 94.7 (100.0) 46.1 (50.0) 67.1 (74.7) 
C-C=O 285.7 - (-) 3.3 (3.3) 2.4 (1.7) 
C-O 286.6 - (-) 2.8 (3.3) 1.7 (1.7) 
C-F 288.1 - (-) 18.9 (16.7) 9.9 (8.4) 
O-C=O 289.2 - (-) 3.0 (3.3) 1.9 (1.7) 
π→π* 291.5 4.0 (-) 1.4 (-) 2.6 (-) 
O 533 1.3 (-) 4.8 (6.7) 3.7 (3.4) 
F 688 - (-) 19.7 (16.7) 10.7 (8.4) 
	  
Figure	  2.12	  a):	  FTIR	  spectra	  for	  polymer	  1,	  2	  and	  3	  and	  b):	  chemical	  composition	  in	  
atom-­‐%	  shown	  as	  experimental	  value	  (calculated	  value	  in	  the	  bracket)	  determined	  
by	  XPS;	  Experimental	  values	  of	  O	  and	  F	  atom	  ratios	  [%]	  were	  from	  survey	  results	  
and	  other	  experimental	  values	  are	  from	  high	  resolution	  C	  1s	  spectra	  peak	  fitting	  
calculated	  based	  on	  a	  equimolar	  distribution	  of	  starting	  materials.	  
	  
To	  achieve	  controlled	  immobilization	  of	  multiple	  biomolecules,	  we	  first	  had	  
to	  develop	  a	  polymer	  coating	  with	  multiple	  functional	  groups,	  which	  can	  covalently	  
bind	  to	  different	  molecules	  using	  orthogonal	  reaction	  pathways.	  The	  copolymer	  to	  
be	  developed	  in	  this	  study	  is	  poly[(4-­‐ethynyl-­‐p-­‐xylylene)-­‐co-­‐(4-­‐pentafluorophenyl	  
ester-­‐p-­‐xylylene)-­‐co-­‐(p-­‐xylylene)]	  (3).	  Poly[(4-­‐ethynyl-­‐p-­‐xylylene)-­‐co-­‐(p-­‐xylylene)]	  
(1)	  and	  poly[(4-­‐pentafluorophenyl	  ester-­‐p-­‐xylylene)-­‐co-­‐(	  p-­‐xylylene)]	  (2),	  which	  
b 
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only	  have	  one	  of	  the	  two	  functional	  groups	  (either	  alkyne	  or	  pentafluorophenyl	  
ester),	  are	  shown	  in	  Figure	  2.11	  and	  Figure	  2.12	  for	  comparison.	  The	  Fourier	  
transform	  infrared	  (FTIR)	  spectrum	  of	  copolymer	  3	  shown	  in	  Figure	  2.12	  reveals	  
characteristic	  bands	  of	  alkyne	  groups	  (3287	  and	  2101	  cm−1)	  and	  pentafluorophenyl	  
ester	  groups	  (1762,	  1523,	  and	  1250–990	  cm−1).	  In	  addition,	  no	  sign	  of	  
crossreactions	  between	  functional	  groups	  were	  observed	  during	  CVD	  
polymerization.	  Next,	  the	  polymer	  films	  were	  analyzed	  by	  X-­‐ray	  photoelectron	  
spectroscopy	  (XPS),	  which	  has	  routinely	  been	  used	  to	  confirm	  the	  chemical	  
composition	  of	  the	  outermost	  10	  nm	  of	  polymer	  films.	  The	  experimental	  values	  
shown	  in	  Figure	  2.12	  are	  in	  good	  agreement	  with	  the	  calculated	  surface	  
composition,	  which	  was	  obtained	  according	  to	  the	  chemical	  formula	  of	  the	  starting	  
materials	  assuming	  stoichiometric	  conversion	  into	  the	  polymer.	  Detailed	  XPS	  
analysis	  revealed	  concentrations	  of	  F	  and	  C—F	  in	  the	  copolymer	  3	  to	  be	  
approximately	  half	  of	  polymer	  2,	  which	  only	  carries	  pentafluorophenyl	  ester	  groups	  
on	  the	  surface.	  It	  shows	  that	  by	  feeding	  1:1	  molar	  ratio	  of	  the	  different	  precursors,	  
approximately	  1:1	  ratio	  of	  each	  functional	  group	  was	  observed	  on	  the	  surface.	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Figure	  2.13	  a):	  Scheme	  for	  CVD	  copolymerization,	  biomolecules	  immobilization	  and	  
potential	  cell	  responses.	  b)	  Fluorescence	  micrograph	  of	  epidermal	  growth	  factor	  
(EGF)	  immobilized	  in	  patterned	  area	  after	  µCP	  and	  immunostaining.	  c1)	  Imaging	  
ellipsometry	  thickness	  map	  of	  cRGD	  peptide	  pattern.	  c2)	  Thickness	  profile	  
representing	  thickness	  difference	  along	  the	  red	  line	  shown	  in	  (c1).	  	  
	  
	  
To	  confirm	  that	  the	  simultaneous	  surface	  conjugation	  of	  both	  the	  peptide	  and	  
growth	  factor	  was	  feasible,	  microcontact	  printing	  was	  used	  to	  create	  patterned	  
substrates	  of	  protein	  or	  peptide.	  Areas	  not	  modified	  during	  microcontact	  printing	  
were	  used	  as	  an	  internal	  reference.	  The	  cRGD	  peptide	  was	  immobilized	  using	  click	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chemistry	  (i.e.,	  Huisgen’s	  [1,3]dipolar	  cycloaddition	  catalyzed	  by	  Cu+	  ions),	  and	  EGF	  
was	  tethered	  covalently	  by	  reaction	  with	  the	  highly	  reactive	  Pfp-­‐ester	  group	  to	  form	  
an	  amide	  bond	  with	  the	  terminal	  primary	  amine.	  Immunostaining	  was	  used	  to	  
visualize	  the	  immobilized	  EGF.	  The	  polymer	  3	  coated	  substrates	  functionalized	  with	  
EGF	  at	  the	  patterned	  area	  were	  incubated	  in	  anti-­‐EGF	  antibody	  (primary	  antibody)	  
solution,	  washed	  and	  then	  immersed	  in	  the	  solution	  of	  FITC	  conjugated	  antimouse	  
IgG	  (secondary	  antibody).	  Figure	  2.13b	  shows	  that	  after	  immunostaining	  of	  the	  
entire	  surface,	  only	  the	  area	  with	  EGF	  showed	  fluorescence.	  This	  suggests	  that	  the	  
active	  ester	  chemistry	  for	  growth	  factor	  immobilization	  (Figure	  2.13a)	  was	  
successful.	  The	  cRGD	  peptide	  immobilization	  was	  characterized	  by	  imaging	  
ellipsometry.	  Figure	  2.13c1	  and	  c2	  show	  that	  the	  thickness	  of	  the	  area	  patterned	  
with	  cRGD	  peptide	  via	  click	  chemistry	  was	  approximately	  0.5	  nm	  higher	  than	  the	  
unpatterned	  area,	  which	  confirmed	  that	  the	  cRGD	  peptide	  was	  immobilized	  on	  the	  
surface	  of	  polymer	  3.	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Figure	  2.14	  Fluorescence	  micrographs	  of	  HUVEC	  line	  seeded	  onto	  modified	  
surfaces	  of	  polymer	  3	  after	  4	  h	  incubation.	  The	  surfaces	  were	  tethered	  with:	  (a)	  AEE	  
(b)	  cRGD-­‐only	  (c)	  EGF-­‐only	  (d)	  cRGD	  +	  EGF	  (e)	  Quantification	  of	  spreading	  by	  
ImageJ	  (three	  trials	  combined).	  
	  
We	  then	  evaluated	  the	  immobilization	  of	  cRGD	  via	  click	  reaction	  and	  
assessed	  peptide	  activity	  in	  the	  presence	  of	  immobilized	  growth	  factor.	  The	  RGD	  
tripeptide	  is	  a	  well-­‐studied	  cell	  adhesion	  motif	  present	  in	  many	  proteins,	  but	  
perhaps	  most	  prominently	  in	  extracellular	  matrix	  (ECM)	  molecules,	  such	  as	  
fibronectin	  and	  vitronectin	  (among	  others).42	  RGD	  (and	  other	  small	  peptide	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adhesion	  molecules)	  have	  been	  widely	  explored	  for	  use	  in	  tissue	  engineering	  and	  
presents	  several	  advantages	  over	  full-­‐length	  proteins	  such	  as	  fibronectin,	  including	  
issues	  such	  as	  enzymatic	  denaturation	  and	  overall	  molecular	  size.43	  The	  cRGD	  
peptide	  was	  employed	  in	  this	  study.	  The	  major	  advantages	  of	  these	  cyclic	  peptides	  
are	  automatable	  synthesis,	  resistance	  against	  proteolysis,	  weak	  immunogenicity,	  
high	  specificity	  to	  integrin	  αvβ3	  ,	  and	  enhanced	  biological	  activity	  (up	  to	  240	  times	  of	  
linear	  analogues).44	  Human	  umbilical	  vein	  endothelial	  cells	  (HUVEC)	  spreading	  on	  
polymer	  3	  surfaces	  with	  different	  treatments	  was	  shown	  in	  Figure	  2.14.	  The	  
surfaces	  were	  passivated	  with	  2-­‐(2-­‐aminoethoxy)ethanol	  (AEE),31	  immobilized	  only	  
with	  cRGD,	  only	  with	  EGF	  or	  with	  both	  biomolecules,	  respectively.	  HUVEC	  spreading	  
is	  significantly	  enhanced	  by	  the	  presence	  of	  cRGD.	  The	  cell	  area	  on	  the	  surface	  with	  
both	  cRGD	  and	  EGF	  was	  approximately	  the	  same	  as	  the	  one	  with	  only	  cRGD.	  The	  
surface	  immobilized	  only	  with	  EGF	  only	  had	  a	  slight	  increase	  in	  cell	  area.	  The	  
observance	  that	  EGF	  did	  not	  have	  any	  obvious	  effect	  on	  HUVECs	  is	  consistent	  with	  
other	  studies	  showing	  the	  absence	  of	  EGFR	  expression	  in	  normal	  HUVECs.45	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Figure	  2.15	  Immunofluorescence	  of	  phosphorylated	  EGFR	  in	  A431	  cells	  cultured	  on	  
CVD-­‐coated	  surfaces	  with	  tethered	  (a)	  AEE	  (b)	  cRGD	  (c)	  EGF	  and	  (d)	  cRGD+EGF.	  (e)	  
Quantification	  of	  pEGFR	  immunofluorescence	  (three	  trials	  combined).	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Figure	  2.16	  a)	  EC50	  plot	  for	  EGF	  (individual	  trial);	  b)	  Quantification	  of	  pEGFR	  
immunfluorescence	  of	  phosphorylated	  EGFR	  in	  A431	  cells	  in	  bar	  graph	  form	  
(individual	  trial).	  The	  cells	  were	  cultured	  on	  CVD-­‐coated	  surfaces	  passivated	  with	  
AEE	  and	  in	  media	  with	  soluble	  EGF	  from	  0-­‐1000	  ng/ml,	  in	  comparison	  with	  surface	  
with	  tethered	  EGF	  in	  soluble	  EGF-­‐free	  media.	  
	  
Tethering	  growth	  factors	  has	  gained	  more	  interest	  from	  the	  scientific	  
community	  within	  the	  last	  three	  decades.46	  Studies	  showed	  that	  the	  immobilized	  
growth	  factors,	  compared	  to	  the	  soluble	  ones,	  had	  higher	  mitogenic	  effect,	  longer-­‐
term	  signal	  transduction	  and	  were	  resistant	  to	  endocytosis,	  degradation	  and	  
diffusion.47	  In	  order	  to	  verify	  that	  the	  immobilized	  EGF	  still	  has	  biological	  activity,	  
we	  investigated	  our	  modified	  surfaces’	  ability	  to	  induce	  phosphorylation	  of	  EGFR	  
(pEGFR),	  the	  receptor	  of	  EGF.	  The	  A431	  line	  is	  a	  human	  epidermal	  carcinoma	  and	  a	  
well-­‐characterized	  positive	  control	  for	  EGFR	  activity.48	  A431	  cells	  overexpress	  EGFR	  
roughly	  10–50-­‐fold	  over	  many	  other	  cell	  lines,	  and	  thus	  are	  an	  ideal	  cell	  type	  for	  
examining	  the	  bioactivity	  of	  tethered	  EGF.49	  Surfaces	  with	  tethered	  EGF	  successfully	  
induce	  phosphorylation	  of	  EGFR	  in	  serum-­‐starved	  A431	  cells,	  as	  observed	  using	  
immunofluorescence	  (Figure	  2.15).	  This	  shows	  that	  the	  immobilized	  EGF	  on	  
polymer	  3	  maintained	  its	  biological	  activity.	  Surfaces	  exhibiting	  both	  the	  adhesion	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factor	  cRGD	  and	  EGF	  show	  statistically	  similar	  (p	  <	  0.001)	  pEGFR	  phosphorylation	  
compared	  to	  those	  exhibiting	  EGF	  alone,	  demonstrating	  that	  multiple	  biofactors	  do	  
not	  affect	  this	  particular	  growth	  factor’s	  ability	  to	  interact	  with	  its	  receptor.	  We	  next	  
examined	  A431	  EGFR	  phosphorylation	  in	  response	  to	  soluble	  EGF	  and	  compared	  it	  
to	  tethered	  EGF	  (Figure	  2.16).	  Various	  literature	  indicate	  that	  A431	  respond	  to	  EGF	  
with	  EC50	  values	  of	  12.1	  ng	  mL−1	  and	  20	  ng	  mL−1,	  respectively.50	  From	  four	  
independent	  trials,	  an	  average	  EC50	  value	  was	  14.8	  ng	  mL−1	  ±	  3.02	  ng	  mL−1	  
(standard	  error),	  well	  matching	  the	  reported	  literature	  values	  previously	  cited.	  In	  all	  
four	  trials,	  EGFR	  phosphorylation	  of	  tethered	  EGF	  as	  measured	  by	  quantification	  of	  
immunofluorescence	  was	  either	  statistically	  equivalent	  to	  or	  higher	  (p	  <	  0.05)	  than	  
the	  highest	  concentration	  of	  soluble	  EGF	  tested	  (1000	  ng	  mL−1),	  demonstrating	  the	  
potency	  of	  tethered	  EGF.	  
	  
2.2.4	  Conclusion	  
The	  herein	  developed	  immobilization	  scheme	  has	  been	  successfully	  
developed	  to	  immobilize	  a	  peptide	  and	  a	  growth	  factor.	  In	  independent	  
experiments,	  we	  have	  further	  been	  able	  to	  demonstrate	  biological	  activity	  of	  the	  
respective	  factor	  in	  the	  presence	  of	  the	  second	  biomolecules.	  Future	  work	  include	  
validating	  this	  technique	  for	  other	  growth	  factors	  and	  chemokines,	  tethering	  
patterns	  of	  different	  factors	  to	  induce	  topology-­‐specific	  differentiation	  of	  human	  
mesenchymal	  stem	  cells,	  and	  using	  two-­‐source	  CVD	  to	  create	  precise	  gradients	  of	  
factors	  for	  induction	  of	  differential	  morphogenesis	  in	  various	  epithelial	  lines.	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2.3	  A	  Generic	  Strategy	  for	  Co-­‐Presentation	  of	  Heparin-­‐Binding	  Growth	  Factors	  
Based	  on	  CVD	  Polymerization	  
	  
2.3.1	  Introduction	  
Precise	  surface	  engineering	  is	  one	  of	  the	  major	  challenges	  in	  biotechnology.1	  
While	  it	  is	  widely	  recognized	  that	  the	  fate	  of	  cells	  cultured	  in	  vitro	  is	  determined	  by	  
their	  local	  microenvironment	  consisting	  of	  both	  soluble	  and	  solid	  components,	  
many	  biological	  studies	  focus	  mainly	  on	  the	  role	  of	  soluble	  factors,	  which	  can	  be	  
controlled	  by	  simple	  methods.51	  However,	  the	  defined	  presentation	  of	  biomolecules	  
on	  the	  cell	  culture	  substrates	  can	  contribute	  in	  equal	  ways	  to	  a	  specific	  cellular	  
response.1,	  47b	  For	  example,	  extracellular	  matrix	  proteins,	  such	  as	  fibronectin,	  
laminin,	  or	  collagen,	  are	  routinely	  attached	  to	  cell	  culture	  dishes	  to	  facilitate	  cell	  
adhesion.52	  While	  there	  exists	  a	  multitude	  of	  immobilization	  methods	  for	  single	  
biomolecules,53	  these	  approaches	  typically	  do	  not	  account	  for	  the	  multivalency	  of	  
biological	  interactions.	  Controlled	  co-­‐immobilization	  of	  multiple	  biomolecules	  is	  an	  
essential	  requisite	  for	  certain	  biomedical	  applications,	  such	  as	  in	  vitro	  cell	  culture	  or	  
biosensors.36b,	  54	  If	  proteins	  are	  immobilized	  through	  simple	  physisorption,	  the	  
outcomes	  are	  governed	  by	  complex	  adsorption/desorption	  equilibria.1	  If	  multiple	  
proteins	  are	  presented	  on	  a	  surface,	  the	  physisorption	  dynamics	  are	  governed	  by	  
the	  Vroman	  effect	  leading	  to	  a	  continuous	  exchange	  of	  proteins	  until	  coverage	  with	  
the	  largest	  protein	  is	  obtained.55	  Thus,	  physisorption	  methods	  are	  unable	  to	  
precisely	  engineer	  stable	  protein	  compositions	  on	  a	  surface.	  Alternatively,	  chemical	  
immobilization	  can	  be	  employed.	  Simultaneous	  presentation	  of	  multiple	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biomolecules	  to	  a	  substrate	  with	  a	  single	  surface	  chemistry	  (e.g.,	  via	  active	  esters)	  
has	  been	  previously	  reported.36b,	  54a	  However,	  this	  method	  is	  still	  not	  precise,	  as	  the	  
cross-­‐reactivity	  of	  the	  biomolecules	  may	  be	  associated	  with	  a	  range	  of	  different	  
complications.	  For	  example,	  the	  solution	  composition	  of	  the	  biomolecules	  is	  not	  
necessarily	  the	  final	  composition	  encountered	  on	  the	  surface	  after	  immobilization.	  
A	  more	  appropriate	  approach	  is	  the	  use	  of	  orthogonal	  immobilization	  
strategies,	  where	  a	  substrate	  presents	  multiple	  types	  of	  functional	  groups	  without	  
cross-­‐reactivity.23,	  27a,	  56	  Recently,	  we	  have	  established	  an	  orthogonal	  co-­‐
immobilization	  method	  for	  the	  cyclic	  RGD	  (cRGD)	  adhesion	  peptide	  and	  the	  
epidermal	  growth	  factor	  (EGF),	  which	  uses	  chemical	  vapor	  deposition	  (CVD)	  
copolymerization	  of	  two	  different	  functionalized	  [2.2]paracyclophanes	  yielding	  a	  
polymer	  surface	  that	  presented	  acetylene	  and	  pentafluorophenyl	  ester	  groups	  in	  an	  
equimolar	  ratio.23	  In	  this	  case,	  coupling	  of	  the	  peptide	  was	  achieved	  via	  copper-­‐
catalyzed	  heterocycloaddition	  and	  the	  growth	  factor	  was	  linked	  through	  primary	  
amino	  groups	  via	  pentafluorophenyl	  ester	  groups.	  In	  our	  previous	  studies,	  we	  found	  
that	  the	  choice	  of	  pentafluorophenyl	  ester	  groups	  is	  lacking	  specificity	  towards	  the	  
growth	  factor	  because	  of	  the	  abundance	  of	  amino	  groups	  in	  biomolecules.	  We	  also	  
found	  that	  the	  immobilization	  of	  proteins	  through	  potentially	  vital	  amino	  acids	  can	  
potentially	  reduce	  their	  bioactivity.57	  Whether	  or	  not	  the	  direct	  immobilization	  via	  
primary	  amino	  groups	  is	  applicable	  will	  thus	  need	  to	  be	  validated	  on	  a	  case-­‐by-­‐case	  
basis	  for	  each	  different	  growth	  factor.	  In	  addition,	  the	  direct	  immobilization	  
approach	  does	  not	  reflect	  the	  fact	  that	  growth	  factors	  immobilized	  on	  abiotic	  
	   50	  
surfaces	  can	  easily	  undergo	  denaturation	  and	  that	  the	  use	  of	  appropriate	  linkers	  
may	  effectively	  stabilize	  the	  immobilized	  growth	  factors.	  
In	  this	  chapter	  section,	  we	  develop	  a	  generic	  immobilization	  approach	  for	  
heparin-­‐binding	  growth	  factors,	  which	  includes	  numerous	  commonly	  used	  growth	  
factors,	  such	  as	  fibroblast	  growth	  factors	  (FGFs),	  vascular	  endothelial	  growth	  factor,	  
heparin-­‐binding	  EGF-­‐like	  growth	  factor	  (HBEGF),	  platelet-­‐derived	  growth	  factor,	  or	  
hepatocyte	  growth	  factor	  (HGF).	  As	  an	  example,	  we	  selected	  the	  basic	  fibroblast	  
growth	  factor	  (bFGF)	  as	  a	  model	  of	  a	  heparin-­‐binding	  growth	  factor.	  However,	  we	  
note	  that	  the	  herein	  developed	  procedure	  is	  equally	  applicable	  to	  other	  heparin-­‐
binding	  growth	  factors.	  It	  has	  been	  previously	  reported	  that	  binding	  to	  heparin	  
protects	  FGF	  from	  denaturation	  at	  variant	  pH,	  at	  high	  temperatures,	  and	  
proteolysis.58	  Moreover,	  binding	  either	  to	  heparin	  or	  heparan	  sulfate	  is	  a	  
prerequisite	  for	  the	  binding	  of	  FGF	  to	  its	  high-­‐affinity	  receptor	  on	  the	  cell	  surface.59	  
Considering	  the	  importance	  of	  heparin	  for	  protecting	  bFGF	  and	  enhancing	  its	  
bioactivity,	  we	  designed	  a	  method	  to	  first	  immobilize	  heparin	  on	  the	  surface	  and	  
then	  tether	  the	  growth	  factor	  through	  the	  heparin-­‐binding	  domain	  and	  charge	  
interactions.60	  We	  further	  demonstrate	  the	  compatibility	  of	  this	  approach	  with	  the	  
co-­‐immobilization	  of	  an	  additional	  biological	  moiety	  via	  the	  well-­‐established	  and	  
widely	  employed	  copper-­‐catalyzed	  heterocycladdition.8b,	  23	  However,	  the	  CVD	  
coatings	  may	  carry	  a	  wide	  range	  of	  different	  functional	  groups	  including	  anhydrides,	  
active	  esters,	  aldehydes,	  ketones,	  amines,	  alkyne,	  as	  well	  as	  photo-­‐reactive	  benzoyl	  
groups.11	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Figure	  2.17	  a)	  CVD	  copolymerization	  of	  [2.2]paracyclophanes	  with	  aldehyde	  and	  
alkyne	  groups.	  m	  =	  n	  for	  the	  copolymer	  3	  discussed	  in	  this	  chapter	  section.	  Polymer	  
1	  and	  2	  are	  used	  as	  controls.	  b)	  Co-­‐immobilization	  scheme	  for	  heparin-­‐binding	  
growth	  factor	  and	  adhesion	  peptide	  on	  the	  copolymer	  3.	  
	  
2.3.2	  Experimental	  Section	  
All	  materials	  were	  purchased	  from	  Sigma–Aldrich	  and	  used	  without	  further	  
purification	  unless	  otherwise	  indicated.	  
CVD	  Co-­‐Polymerization	  
The	  synthesis	  of	  the	  two	  CVD	  precursors	  used	  in	  this	  study,	  4-­‐
formyl[2.2]paracyclophane	  and	  4-­‐ethynyl[2.2]paracyclophane	  was	  described	  
elsewhere.8b,	  34a	  As	  shown	  in	  Figure	  2.17a,	  CVD	  co-­‐polymerization	  was	  performed	  
using	  1:1	  molar	  mixtures	  of	  the	  two	  precursors.	  The	  precursors	  sublimated	  under	  
0.07	  Torr	  at	  temperatures	  above	  100	  °C	  and	  were	  transferred	  in	  a	  stream	  of	  argon	  
carrier	  gas	  (20	  sccm)	  to	  the	  pyrolysis	  zone	  (670	  °C).	  Following	  pyrolysis,	  the	  
diradicals	  were	  transferred	  into	  the	  deposition	  chamber,	  with	  the	  chamber	  wall	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temperature	  set	  at	  120	  °C	  and	  rotating	  sample	  holder	  cooled	  to	  15	  °C	  to	  optimize	  
the	  deposition.	  The	  coatings	  were	  controlled	  at	  80–100	  nm.	  
Surface	  Characterization	  
FTIR	  analysis	  of	  the	  coatings	  was	  carried	  out	  on	  a	  Nicolet	  6700	  spectrometer	  
with	  the	  MCT-­‐A	  detector	  and	  the	  grazing	  angle	  accessory	  (Smart	  SAGA)	  at	  a	  grazing	  
angle	  of	  80	  °.	  XPS	  was	  performed	  on	  an	  axis	  ultra	  X-­‐ray	  photoelectron	  spectrometer	  
(Kratos	  Analyticals,	  UK)	  equipped	  with	  a	  monochromatized	  Al-­‐K	  α	  X-­‐ray	  source.	  All	  
spectra	  were	  calibrated	  with	  respect	  to	  the	  non-­‐functionalized	  aliphatic	  carbon	  with	  
a	  binding	  energy	  of	  285.0	  eV.	  An	  imaging	  spectroscopic	  ellipsometer	  (Accurion,	  
Nanofilm	  EP3-­‐SE,	  Germany)	  was	  used	  to	  measure	  film	  thickness.	  Ellipsometric	  
parameters	  were	  fitted	  using	  a	  Cauchy	  model.61	  The	  imaging	  lateral	  resolution	  is	  ≈	  2	  
μm	  for	  the	  10	  ×	  objective.	  Time-­‐of-­‐flight	  secondary	  ion	  mass	  spectrometry	  (TOF-­‐
SIMS)	  was	  performed	  on	  a	  PHI	  TRIFTV	  nanoTOF	  instrument	  (Physical	  Electronics,	  
USA).	  The	  analysis	  conditions	  are	  the	  following:	  primary	  ion	  30	  kV	  Au+,	  DC	  current	  
2.5	  nA,	  mass	  range	  0–1850	  m/z,	  analysis	  area	  400	  μm	  ×	  400	  μm	  (256	  ×	  256	  pixels),	  
charge	  compensation	  15	  eV	  e-­‐,	  post	  acceleration	  5	  kV,	  acquisition	  time	  10	  min	  (<	  1	  ×	  
1011	  ions	  cm−2)	  per	  data	  set.	  Data	  was	  collected	  in	  both	  ion	  polarities	  in	  an	  
automated	  fashion	  using	  AutoTool.	  The	  diagnostic	  mass	  peaks	  were	  observed	  <	  300	  
m/z.	  
Immobilization	  of	  Biomolecules	  
The	  details	  and	  sequence	  for	  co-­‐immobilization	  of	  the	  adhesion	  peptide	  and	  
the	  heparin-­‐binding	  growth	  factor	  are	  shown	  in	  Figure	  2.17b.	  Microcontact	  printing	  
(μCP)	  with	  PDMS	  stamps	  (preparation	  process	  reported	  elsewhere8b)	  was	  used	  for	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elucidating	  the	  surface	  chemistries	  and	  creating	  internal	  reference	  areas	  that	  can	  be	  
directly	  observed	  by	  microscopy.	  The	  method	  for	  adhesion	  peptide	  immobilization	  
followed	  a	  literature-­‐known	  procedure.23	  Briefly,	  cRGD	  peptide	  with	  an	  azide	  end	  
group	  [cyclo(azidoK-­‐RGDf),	  Kinexus,	  Canada]	  was	  dissolved	  in	  an	  aqueous	  solution	  
of	  sodium	  ascorbate	  (50	  mg	  mL−1)	  and	  copper(II)	  sulfate	  (0.1	  ×	  10−3	  M	  ).	  The	  
peptide	  solution	  (50	  μ	  g	  mL−1)	  was	  in	  contact	  with	  the	  CVD	  copolymer	  coating	  
(polymer	  3)	  for	  4	  h	  followed	  by	  thorough	  washing.	  For	  the	  heparin	  immobilization,	  
the	  periodated	  heparin	  (Celsus	  Laboratories,	  Inc.)	  with	  aldehyde	  functional	  groups	  
was	  used.	  A	  bivalent	  carbohydrazide	  linker	  was	  used	  to	  link	  the	  aldehyde	  groups	  on	  
the	  polymer	  surface	  and	  heparin.	  The	  PDMS	  stamps	  inked	  with	  carbohydrazide	  
solution	  (10	  μ	  g	  mL−1)	  were	  kept	  in	  contact	  with	  the	  coating	  surface	  for	  20	  min.	  
After	  stamp	  removal,	  the	  patterned	  samples	  were	  thoroughly	  washed	  with	  distilled	  
water	  and	  incubated	  in	  the	  periodated	  heparin	  solution	  (10	  mg	  mL−1,	  pH	  5)	  
overnight.	  To	  confirm	  the	  success	  of	  the	  heparin	  immobilization,	  immunostaining	  
was	  performed	  with	  the	  heparin	  antibody	  (anti-­‐heparin/Heparan	  Sulfate,	  clone	  
T320.11,	  Isotype:	  mouse	  IgG1,	  Millipore)	  and	  the	  Alexa	  Fluor®	  555	  antimouse	  IgG1	  
(Life	  Technologies	  Corporation).	  More	  specifically,	  the	  surface	  was	  incubated	  in	  a	  
heparin	  antibody	  solution	  (5	  μg	  mL−1	  solution	  in	  PBS	  with	  0.1%	  (w/v)	  bovine	  
albumin	  (BSA)	  and	  0.02%	  (v/v)	  Tween	  20	  for	  1	  h.	  After	  washing	  thoroughly,	  the	  
surface	  was	  incubated	  in	  a	  PBS/BSA/Tween	  buffer	  containing	  Alexa	  Fluor®	  555	  
anti-­‐mouse	  IgG1	  (10	  μg	  mL−1)	  for	  1	  h.	  The	  stained	  samples	  were	  then	  washed	  with	  
PBS,	  rinsed	  with	  distilled	  water,	  and	  visualized	  using	  fluorescence	  microscopy	  
(Olympus	  BX-­‐51,	  Japan).	  For	  immobilization	  of	  the	  human	  bFGF	  (Sigma–Aldrich)	  on	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heparin,	  a	  heparin-­‐presenting	  surface	  (without	  antibody)	  was	  incubated	  in	  the	  
PBS/BSA/Tween	  buffer	  containing	  bFGF	  (5	  μg	  mL−1)	  for	  1	  h	  and	  washed	  thoroughly.	  
To	  confirm	  the	  success	  of	  the	  bFGF	  immobilization,	  immunostaining	  was	  performed,	  
as	  described	  for	  heparin.	  The	  only	  difference	  was	  that	  instead	  of	  using	  heparin	  
antibody,	  we	  used	  an	  anti-­‐human	  bFGF	  (Isotype:	  mouse	  IgG1,	  BioLegend)	  as	  the	  
primary	  antibody.	  Other	  conditions	  (buffer,	  concentration,	  incubation	  time,	  
secondary	  antibody,	  and	  washing	  procedure)	  were	  identical.	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Table	  2.1	  Chemical	  Composition	  of	  polymers	  1,	  2	  and	  3	  in	  atom-­‐%	  shown	  as	  
experimental	  values	  determined	  by	  XPS.	  Theoretically	  calculated	  compositions	  are	  





















1	   	  94.7	  
(100.0)	  
-­‐	  (-­‐)	   -­‐	  (-­‐)	   4.0	  (-­‐)	   1.3	  (-­‐)	  
2	   75.7	  (83.2)	   6.7	  (5.6)	   5.8	  (5.6)	   4.3	  (-­‐)	   7.5	  (5.6)	  
3	   85.6	  (91.6)	   3.5	  (2.8)	   3.1	  (2.8)	   4.0	  (-­‐)	   3.8	  (2.8)	  
	   	   	   	   	   	  
a)	  Experimental	  values	  of	  oxygen	  ratio[%]	  are	  from	  survey	  results;	  Other	  
experimental	  values	  for	  different	  carbon	  atoms	  with	  different	  chemical	  states	  are	  
from	  high	  resolution	  C1s	  spectra.	  
	  
	  
A	  novel	  polymer	  coating	  with	  orthogonal	  functional	  groups,	  poly[4-­‐formyl-­‐p-­‐
xylylene-­‐co-­‐4-­‐ethynyl-­‐p-­‐xylylene-­‐co-­‐p-­‐xylylene]	  (polymer	  3	  ),	  was	  synthesized	  by	  
CVD	  copolymerization	  as	  shown	  in	  Figure	  2.17a.	  The	  precursors	  4-­‐
ethynyl[2.2]paracyclophane	  and	  4-­‐formyl[2.2]paracyclophane	  were	  sublimated	  
with	  a	  controlled	  feed	  ratio	  (m:n	  ,	  m	  =	  n	  in	  this	  study).	  The	  mixture	  was	  then	  
transferred	  through	  the	  pyrolysis	  zone	  (670	  °C,	  0.07	  Torr)	  with	  help	  of	  an	  argon	  
carrier	  gas.	  Free	  radicals	  were	  generated	  by	  pyrolysis	  and	  subsequently	  deposited	  
and	  polymerized	  on	  the	  cooled	  substrate	  (15	  °C,	  0.07	  Torr).	  Under	  these	  reaction	  
conditions,	  CVD	  co-­‐polymerization	  yielded	  polymer	  3	  as	  shown	  in	  Figure	  2.17.	  
Polymers	  1	  and	  2,	  which	  are	  shown	  for	  comparison,	  denote	  polymers	  generated	  
using	  only	  one	  precursor	  and	  thus	  featuring	  only	  one	  reactive	  functional	  group	  
(alkyne	  for	  1	  ;	  aldehyde	  for	  2	  ).	  1,	  2,	  and	  3	  were	  characterized	  by	  Fourier	  transform	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infrared	  (FTIR)	  spectroscopy	  (Figure	  2.18)	  and	  X-­‐ray	  photoelectron	  spectroscopy	  
(XPS)	  (Table	  2.1).	  It	  is	  clearly	  shown	  from	  the	  FTIR	  spectra	  that	  3	  has	  both	  alkyne	  
(3285,	  2100	  cm−1)	  and	  aldehyde	  (1687	  cm−1)	  functional	  groups,	  while	  1	  or	  2	  
displays	  only	  one	  type	  of	  functional	  groups.	  XPS	  was	  used	  to	  further	  confirm	  the	  
surface	  composition	  of	  the	  films	  within	  the	  outermost	  10	  nm.17	  The	  percentage	  of	  
total	  carbon	  and	  oxygen	  was	  obtained	  from	  the	  XPS	  survey	  results.	  High-­‐resolution	  
peak	  fitting	  of	  the	  C1s	  signal	  was	  used	  to	  determine	  the	  ratios	  of	  different	  carbon	  
atoms	  at	  different	  chemical	  states.	  The	  position	  for	  C—C/H	  was	  set	  to	  be	  285.0	  eV	  
for	  binding	  energy	  calibration.	  Other	  carbon	  atoms	  with	  different	  chemical	  states	  
have	  different	  binding	  energies	  as	  shown	  in	  Table	  2.1.	  The	  quantitative	  XPS	  
experimental	  data	  were	  in	  good	  agreement	  with	  the	  theoretical	  values	  calculated	  
according	  to	  the	  chemical	  structures	  of	  the	  starting	  materials	  (Figure	  2.17a).	  
	  
 
Figure	  2.19	  a)	  TOF-­‐SIMS	  images	  of	  carbohydrazide	  patterned	  on	  polymer	  3.	  The	  
m/z	  values	  and	  their	  corresponding	  chemical	  structures	  are	  denoted	  by	  squares	  of	  
different	  colors.	  b)	  Imaging	  ellipsometry	  thickness	  map	  of	  carbohydrazide	  pattern	  
by	  µCP,	  the	  thickness	  difference	  between	  the	  marked	  area	  1	  and	  2	  is	  0.3	  nm.	  c)	  
Imaging	  XPS	  N1s	  elemental	  map	  of	  the	  carbohydrazide	  pattern	  at	  400.0	  eV.	  All	  scale	  
bars	  represent	  50	  µm.	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After	  confirming	  the	  successful	  preparation	  of	  the	  multifunctional	  reactive	  
coating,	  each	  step	  for	  the	  biomolecules	  immobilization	  had	  to	  be	  validated.	  The	  
overall	  design	  for	  our	  co-­‐immobilization	  process	  is	  shown	  in	  Figure	  2.17.	  Heparin	  
was	  immobilized	  on	  the	  copolymer	  surface	  through	  the	  hydrazide–aldehyde	  
reaction,	  which	  is	  highly	  efficient,	  commonly	  used	  for	  bioconjugation	  and	  classified	  
as	  one	  of	  the	  bioorthogonal	  reactions.2	  Carbohydrazide	  with	  a	  hydrazide	  group	  on	  
both	  ends	  was	  used	  to	  link	  the	  aldehyde	  group	  of	  heparin	  and	  the	  aldehyde	  group	  
on	  the	  copolymer	  3	  surface.	  To	  confirm	  that	  the	  carbohydrazide	  is	  indeed	  attached	  
to	  the	  surface	  through	  covalent	  reaction,	  we	  conducted	  a	  ToF-­‐SIMS	  study.	  ToF-­‐SIMS	  
is	  a	  surface-­‐sensitive	  analytical	  tool	  that	  provides	  information	  on	  the	  uppermost	  few	  
molecular	  layers.	  ToF-­‐SIMS	  has	  been	  previously	  used	  in	  materials	  science,62	  
semiconductor	  industry,63	  geology,64	  archaeometry,65	  cosmochemistry,66	  and	  
biology.67	  The	  mass	  imaging	  capability	  of	  ToF-­‐SIMS	  combines	  the	  potential	  benefits	  
of	  chemical	  imaging	  and	  mass	  spectroscopy.68	  Sample	  surfaces	  in	  this	  study	  were	  
coated	  with	  the	  copolymer	  3	  and	  then	  modified	  by	  microcontact	  printing	  of	  the	  
carbohydrazide	  linker.	  The	  resultant	  patterns	  were	  clearly	  observable	  in	  the	  ToF-­‐
SIMS	  images.	  For	  all	  the	  images	  shown	  in	  Figure	  2.19a,	  the	  brighter	  areas	  were	  
patterned	  with	  carbohydrazide,	  while	  the	  darker	  areas	  were	  not	  (with	  only	  the	  
copolymer	  3	  coating).	  Signals	  at	  m/z	  26	  and	  42,	  which	  corresponded	  to	  CN−	  and	  
CNO–	  signals	  were	  predominantly	  observed	  within	  the	  area	  patterned	  with	  
carbohydrazide.	  Since	  the	  polymer	  itself	  does	  not	  have	  any	  nitrogen,	  the	  nitrogen-­‐
containing	  mass	  peaks	  can	  be	  exclusively	  attributed	  to	  the	  presence	  of	  the	  
carbohydrazide.	  Similarly,	  mass	  peaks	  of	  m/z	  59	  and	  89,	  which	  are	  characteristic	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fragments	  of	  the	  carbohydrazide	  linker,	  are	  significantly	  enhanced	  in	  the	  surface-­‐
modified	  areas.	  Moreover,	  the	  mass	  fragment	  m/z	  131,	  which	  coincides	  with	  the	  
m/z	  59	  signal	  further	  supports	  the	  formation	  of	  a	  covalent	  bond	  between	  the	  linker	  
and	  the	  polymer,	  albeit	  with	  lower	  contrast.	  Imaging	  ellipsometer	  was	  also	  used	  to	  
investigate	  thickness	  variations	  after	  carbohydrazide	  patterning	  (Figure	  2.19b).	  The	  
film	  thickness	  of	  the	  carbohydrazide	  immobilized	  onto	  copolymer	  3	  was	  measured	  
to	  be	  0.3	  nm.	  For	  comparison,	  microcontact	  printing	  of	  carbohydrazide	  onto	  
polymer	  1	  was	  used	  as	  a	  control	  experiment,	  which	  showed	  no	  patterns	  based	  on	  
imaging	  ellipsometry	  (data	  not	  shown).	  This	  contrast	  clearly	  demonstrates	  the	  
orthogonality	  of	  the	  surface	  chemistries	  (i.e.,	  alkyne–azide	  reaction	  versus	  
aldehyde–hydrazide	  reaction).	  Moreover,	  XPS	  mapping	  of	  the	  element	  nitrogen	  
(Figure	  2.19c),	  which	  was	  used	  as	  a	  reporter	  for	  the	  carbohydrazide	  linker,	  further	  
confirmed	  the	  ToF-­‐SIMS	  results.	  A	  cross	  pattern	  is	  shown	  in	  Figure	  2.19c.	  The	  
relatively	  low	  signal-­‐to-­‐noise	  ratio	  in	  the	  XPS	  mapping	  experiment	  can	  be	  attributed	  
to	  the	  overall	  low	  content	  of	  nitrogen	  on	  the	  surface	  (less	  than	  3%).	  Still,	  taken	  
together,	  the	  images	  shown	  in	  Figure	  2.19	  confirm	  that	  the	  carbohydrazide	  was	  
covalently	  attached	  to	  the	  copolymer	  3	  through	  the	  aldehyde–hydrazide	  reaction.	  	  
A	  surface	  displaying	  carbohydrazide	  patterns	  was	  incubated	  in	  periodated	  
heparin	  (with	  aldehyde	  groups)	  solution	  overnight	  followed	  by	  thorough	  rinsing	  
with	  distilled	  water.	  After	  this	  heparin	  immobilization	  step,	  a	  heparin	  antibody	  and	  
a	  dye-­‐conjugated	  secondary	  antibody	  were	  used	  for	  immunostaining	  (Figure	  2.20,	  
top	  scheme).	  From	  the	  image	  shown	  on	  the	  top	  right	  of	  Figure	  2.20,	  it	  is	  evident	  that	  
heparin	  was	  immobilized	  only	  at	  the	  surface	  areas	  that	  presented	  carbohydrazide.	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Two	  control	  experiments	  were	  performed.	  For	  the	  first	  one,	  we	  used	  a	  
carbohydrazide	  patterned	  surface	  (without	  the	  heparin	  immobilization	  step)	  for	  the	  
immunostaining.	  For	  the	  second	  control	  experiment,	  the	  heparin-­‐presenting	  surface	  
was	  in	  contact	  with	  the	  secondary	  antibody	  only,	  but	  not	  the	  primary	  antibody	  
(anti-­‐heparin).	  Both	  control	  experiments	  did	  not	  show	  fluorescence	  contrast	  for	  the	  




Figure	  2.20	  Scheme	  and	  fluorescence	  microscope	  images	  (a	  &	  b)	  after	  
immunostaining	  the	  heparin	  and	  bFGF	  immobilized	  surface,	  respectively.	  In	  the	  
scheme	  for	  this	  Figure,	  we	  use	  pink	  to	  represent	  heparin	  and	  green	  to	  represent	  
bFGF,	  the	  same	  colors	  used	  in	  Scheme	  1b.	  a)	  Fluorescence	  micrograph	  after	  
immunostaining	  the	  immobilized	  heparin	  on	  the	  patterned	  carbohydrazide.	  b)	  
Fluorescence	  micrograph	  after	  immunostaining	  the	  immobilized	  bFGF	  on	  the	  
heparin.	  Scale	  bars	  are	  500	  µm.	  
	  
After	  validating	  the	  heparin	  immobilization	  approach,	  the	  heparin-­‐
presenting	  surface	  was	  incubated	  in	  a	  bFGF	  solution	  (Figure	  2.20,	  bottom	  scheme),	  
followed	  by	  washing	  and	  bFGF	  immunostaining.	  The	  bottom	  right	  fluorescence	  
micrograph	  in	  Figure	  2.20	  shows	  that	  bFGF	  was	  only	  immobilized	  at	  the	  area	  that	  
presented	  heparin.	  Again,	  we	  included	  two	  control	  experiments	  to	  validate	  the	  bFGF	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immunostaining.	  First,	  the	  surface	  was	  patterned	  with	  carbohydrazide	  (no	  heparin	  
immobilization),	  followed	  by	  the	  same	  bFGF	  incubation	  and	  immunostaining	  shown	  
as	  in	  the	  bottom	  scheme	  of	  Figure	  2.20.	  Second,	  we	  performed	  every	  immobilization	  
step	  for	  carbohydrazide,	  heparin	  and	  bFGF,	  but	  omitted	  the	  primary	  antibody.	  With	  
other	  words,	  the	  resultant	  surface	  was	  only	  in	  contact	  with	  the	  secondary	  antibody.	  
Both	  control	  experiments	  did	  not	  show	  fluorescence	  contrast	  for	  the	  patterns	  (data	  
not	  shown).	  For	  the	  heparin	  and	  the	  bFGF	  immunostaining,	  we	  used	  different	  
primary	  antibody	  (heparin	  antibody	  and	  bFGF	  antibody,	  respectively).	  Because	  both	  
antibodies	  belong	  to	  the	  isotype	  mouse	  IgG1	  family,	  we	  were	  able	  to	  image	  both	  
with	  the	  same	  secondary	  antibody	  (Alexa	  Fluor®	  555	  anti-­‐mouse	  IgG1),	  hence	  the	  
identical	  colors	  in	  Figure	  2.20.	  Nevertheless,	  a	  clear	  contrast	  is	  observed	  in	  both	  
cases	  confirming	  the	  selectivity	  of	  both	  reactions.	  At	  this	  point,	  we	  have	  established	  
the	  success	  of	  each	  immobilization	  step	  towards	  tethering	  the	  heparin-­‐binding	  
growth	  factor.	  We	  finally	  wanted	  to	  establish	  co-­‐immobilization	  with	  a	  second	  
biomolecule,	  specifically	  cRGD,	  via	  azide–acetylene	  coupling.	  
	  
	  
Figure	  2.21	  Imaging	  ellipsometry	  thickness	  map	  (on	  the	  right	  side)	  of	  a	  cRGD	  azide	  
pattern	  created	  by	  µCP.	  The	  thickness	  difference	  between	  the	  marked	  area	  1	  and	  2	  
is	  0.5	  nm.	  Scale	  bar	  represents	  100	  µm.	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The	  results	  for	  patterning	  an	  azide-­‐functionalized	  cRGD	  peptide	  onto	  
polymer	  3	  are	  shown	  in	  Figure	  2.21.	  Imaging	  ellipsometry	  was	  used	  to	  generate	  the	  
thickness	  map	  for	  the	  patterned	  adhesion	  peptide	  on	  the	  newly	  synthesized	  
copolymer	  3	  (Figure	  2.21).	  The	  immobilized	  peptide	  layer	  was	  measured	  to	  be	  0.5	  
nm.	  A	  control	  experiment	  with	  the	  same	  peptide	  patterned	  on	  polymer	  2	  did	  not	  
show	  any	  pattern	  contrast	  (data	  not	  shown).	  This	  again	  demonstrates	  the	  
orthogonality	  of	  the	  alkyne–azide	  chemistry	  and	  the	  aldehyde–hydrazide	  chemistry	  
we	  use.	  The	  alkyne–azide	  chemistry	  is	  chosen	  for	  immobilization	  of	  a	  second	  
biomolecule,	  here	  a	  cyclic	  RGD	  (cRGD)	  peptide,	  because	  of	  its	  high	  efficiency	  and	  




We	  successfully	  prepared	  a	  new	  CVD	  copolymer	  for	  orthogonal	  co-­‐
immobilization	  of	  heparin-­‐binding	  growth	  factors	  with	  an	  adhesion	  peptide.	  To	  
establish	  a	  generic	  growth	  factor	  immobilization	  scheme,	  the	  CVD	  co-­‐polymer	  was	  
modified	  to	  allow	  for	  immobilization	  of	  heparin	  onto	  the	  surface.	  The	  presence	  of	  
heparin	  leads	  to	  non-­‐covalent	  binding	  of	  heparin-­‐binding	  growth	  factors	  and	  can	  
potentially	  enhance	  the	  bioactivity	  of	  the	  growth	  factor.	  In	  parallel,	  an	  adhesion	  
peptide	  is	  also	  immobilized	  to	  the	  surface	  using	  orthogonal	  bioconjugation	  schemes.	  
Due	  to	  the	  substrate-­‐independent	  nature	  of	  the	  CVD	  polymerization	  process,	  this	  
novel	  procedure	  is	  rather	  generic	  and	  can	  be	  a	  widely	  applied	  as	  a	  surface	  
engineering	  platform	  for	  a	  broad	  range	  of	  biomedical	  applications.	  Further	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biological	  studies	  are	  under	  way	  to	  identify	  the	  quantitative	  information	  about	  the	  
co-­‐immobilization	  ratios	  that	  will	  be	  associated	  with	  the	  highest	  biological	  activity	  
in	  cell	  culture.	  We	  note	  that	  the	  biomolecules	  that	  can	  be	  orthogonally	  immobilized	  
via	  the	  herein	  reported	  procedure	  are	  not	  limited	  to	  adhesion	  peptides	  and	  growth	  
factors.	  While	  other	  biomolecules	  such	  as	  enzymes,	  antibodies,	  or	  polysaccharides	  
are	  also	  compatible	  with	  this	  approach,	  this	  strategy	  is	  not	  suitable	  for	  co-­‐
immobilization	  of	  multiple	  heparin-­‐binding	  growth	  factors.	  In	  this	  case,	  more	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CHAPTER	  3	  	  
Towards	  Biosensors	  Development:	  Metal	  Enhanced	  Fluorescence	  
on	  CVD	  Polymer	  Coated	  Gold	  Films	  
	  
3.1.	  Introduction	  
Fluorescence-­‐based	  detection	  techniques	  are	  widely	  used	  in	  biotechnology	  
and	  medical	  detection,	  sensing	  and	  diagnostics.1	  Recent	  advances	  in	  biodetection,2	  
an	  increasingly	  refined	  understanding	  of	  biological	  processes,3	  and	  continuous	  
reconsiderations	  of	  environmental	  threshold	  values4	  have	  contributed	  to	  efforts	  to	  
push	  detection	  limits	  of	  fluorescence-­‐based	  detection	  methods	  to	  even	  lower	  levels.	  
Lower	  detection	  limits	  are	  facilitated	  by	  higher	  fluorescence	  signals	  as	  well	  as	  
reliable	  methods	  to	  minimize	  background	  fluorescence.	  
Over	  the	  past	  years,	  an	  increasing	  number	  of	  fluorescence	  dyes	  with	  higher	  
brightness	  and	  improved	  photostability	  have	  been	  introduced.5	  Quantum	  dots	  
(Qdots)	  have	  also	  been	  intensively	  studied	  since	  their	  first	  discovery	  in	  the	  early	  
1980s.5c,	  6	  However,	  the	  development	  of	  new	  fluorescence	  dyes	  and	  quantum	  dots	  
involves	  complicated	  synthesis	  process	  and	  the	  resulted	  quantum	  yield	  could	  still	  be	  
low.5c,	  7	  Traditionally,	  a	  quantum	  yield	  above	  0.1	  is	  already	  considered	  “high”.5c,	  7	  
While	  the	  improvement	  that	  can	  be	  expected	  from	  further	  improved	  
fluorophores	  is	  limited,	  the	  actual	  imaging	  substrates	  can	  actively	  contribute	  to	  the	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fluorescence	  detection.	  Fluorescence	  interference	  contrast	  (FLIC)	  microscopy,	  for	  
instance,	  is	  based	  on	  the	  self-­‐interference	  of	  fluorescent	  light	  emitted	  by	  
fluorophores	  in	  the	  vicinity	  of	  a	  reflecting	  surface	  (usually	  a	  polished	  silicon	  wafer).	  
8	  The	  fluorescence	  intensity	  oscillates	  as	  a	  function	  of	  distance	  between	  the	  
fluorescent	  molecules	  and	  the	  silicon	  surface,	  which	  has	  been	  proposed	  to	  act	  as	  a	  
nanoscale	  ruler	  for	  distance	  measurements.8	  Metal	  enhanced	  fluorescence	  (MEF)	  is	  
another	  substrate-­‐based	  phenomenon	  that	  can	  increase	  fluorescence	  signals.1,	  9	  MEF	  
has	  been	  studied	  for	  many	  applications,	  such	  as	  antibody-­‐based	  bioassays,10	  
plasmonic	  nanoantennas,11	  biosensors1	  and	  the	  quantification	  of	  bacterial	  
adhesion.12	  Surface	  plasmon	  coupling	  and	  interference	  effects	  are	  among	  the	  
proposed	  mechanisms	  for	  MEF,	  although	  many	  fundamental	  aspects	  remain	  
unanswered.1,	  9a,	  b,	  12-­‐13	  	  
If	  metal	  films	  are	  used	  as	  imaging	  substrates,	  quenching	  of	  the	  fluorescence	  
signal	  occurs	  for	  flurophores	  located	  within	  ~10	  nm	  from	  the	  surface.10,	  14	  Dielectric	  
spacer	  layers	  have	  been	  used	  to	  avoid	  quenching	  and	  even	  to	  increase	  the	  
fluorescence	  signal.	  The	  most	  widely	  employed	  material	  has	  been	  silica,10,	  14a,	  b	  but	  
other	  materials,	  such	  as	  layers	  of	  proteins,	  have	  also	  been	  used.14c,	  15	  	  
In	  this	  study,	  we	  introduce	  a	  novel	  class	  of	  dielectric	  spacer	  layers	  based	  on	  
reactive	  polymer	  films,	  which	  offer	  three	  distinct	  advantages:	  (1)	  The	  CVD	  
polymerization	  platform	  provides	  a	  wide	  selection	  of	  functional	  groups,	  including	  
aldehyde,	  ketones,	  amine,	  alkyne,	  vinyl,	  anhydride,	  active	  ester,	  hydroxyl,	  fluorine,	  
photo-­‐reactive	  benzoyl	  group	  and	  bromoisobutyrate	  group	  for	  initiating	  atom	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transfer	  radical	  polymerization.16	  Moreover,	  surface	  functionalization	  and	  spacer	  
layer	  deposition	  is	  achieved	  through	  a	  highly	  defined	  one-­‐step	  process.	  This	  is	  
advantageous	  compared	  to	  silica	  substrates,	  which	  needs	  to	  be	  modified	  via	  silane	  
chemistries.	  In	  addition,	  the	  CVD	  polymerization	  process	  can	  lead	  to	  multiple	  
functional	  groups	  in	  defined	  surface	  ratios	  and	  gradients,17	  which	  is	  not	  easily	  
achievable	  by	  other	  methods.	  (2)	  The	  CVD	  polymer	  coatings	  are	  conformal	  and	  
pinhole-­‐free,	  with	  extremely	  well	  controlled	  thickness	  in	  the	  nanometer	  range.	  This	  
is	  prerequisite	  for	  optimizing	  the	  spacer	  layer	  thickness	  to	  achieve	  maximum	  
fluorescence	  enhancement.	  Furthermore,	  micro-­‐patterns	  with	  different	  polymer	  
thicknesses	  and	  different	  functional	  groups	  can	  be	  produced	  via	  CVD	  
polymerization.18	  (3)	  The	  CVD	  polymer	  coating	  can	  be	  easily	  integrated	  with	  micro-­‐	  
and	  nano-­‐	  fabrication	  processes,19	  which	  are	  commonly	  used	  in	  high-­‐throughput	  
bioassays	  and	  biosensor	  fabrication.3a	  The	  CVD	  process	  is	  not	  only	  applicable	  for	  the	  
planar	  surfaces	  shown	  here,	  but	  also	  complex	  geometries	  providing	  access	  to	  a	  wide	  
range	  of	  sensor	  designs.	  
	  
3.2	  Experimental	  Section	  	  
3.2.1	  Electron	  Beam	  Evaporation	  Metal	  Coating	  
One-­‐side	  polished	  4-­‐inch	  silicon	  wafers	  (Silicon	  Valley	  Microelectronics,	  Inc.)	  
were	  coated	  by	  a	  Denton	  Vacuum	  DV-­‐502A	  E-­‐Beam	  Evaporator	  according	  to	  the	  
standard	  operation	  procedure.	  First,	  a	  5	  nm	  Ti	  adhesion	  layer	  and	  then	  35	  nm	  or	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100	  nm	  gold	  was	  coated	  at	  1.0	  Å/s.	  Metal	  patterns	  were	  generated	  by	  applying	  
polydimethylsiloxane	  (PDMS)	  micro-­‐stencils	  on	  the	  wafers	  before	  loading	  them	  into	  
the	  E-­‐beam	  evaporator.	  The	  micro-­‐stencils	  were	  well	  adhered	  to	  the	  wafers	  during	  
the	  coating	  process.	  We	  reported	  the	  details	  for	  the	  micro-­‐stencils	  preparation	  in	  
our	  previous	  papers.18a,	  20	  
3.2.2	  CVD	  Precursor	  Synthesis	  
All	  chemicals	  were	  purchased	  from	  Aldrich	  and	  VWR	  and	  used	  as	  received.	  
Routine	  monitoring	  of	  reactions	  was	  performed	  using	  silica	  gel	  coated	  aluminium	  
plates	  (silica	  gel	  60),	  which	  were	  analysed	  under	  UV-­‐light	  at	  254	  nm.	  All	  NMR	  
spectra	  were	  recorded	  on	  a	  Bruker	  Avance	  III	  spectrometer	  as	  solutions.	  1H-­‐NMR:	  
chemical	  shifts	  are	  given	  in	  parts	  per	  million	  (ppm,	  δ)	  and	  are	  referenced	  to	  CHCl3	  
(7.26	  ppm)	  as	  an	  internal	  standard.	  All	  coupling	  constants	  are	  absolute	  values	  and	  J	  
values	  expressed	  in	  Hertz	  (Hz).	  The	  description	  of	  signals	  include:	  s	  =	  singlet,	  d	  =	  
doublet,	  q	  =	  quartet,	  m	  =	  multiplet,	  dd	  =	  doublet	  of	  doublets,	  ddd	  =	  doublet	  of	  dd,	  
etc.	  The	  spectra	  were	  analysed	  according	  to	  first	  order.	  13C-­‐NMR:	  Chemical	  shifts	  are	  
expressed	  in	  parts	  per	  million	  (ppm,	  δ)	  referenced	  to	  CDCl3	  (77.0	  ppm)	  as	  an	  
internal	  standard.	  19F-­‐NMR:	  Chemical	  shifts	  were	  calculated	  from	  the	  spectrometer	  
without	  internal	  standard.	  Mass	  spectra	  were	  recorded	  on	  a	  Finnigan	  MAT95.	  IR	  
spectra	  were	  recorded	  on	  a	  Bruker	  IFS	  88.	  Samples	  were	  measured	  on	  KBR	  or	  
directly	  (ATR).	  	  
The	  polymer	  1	  precursor	  4,12-­‐diformyl[2.2]paracyclophane	  started	  with	  the	  
synthesis	  of	  the	  compound	  4,12-­‐dibromo[2.2]paracyclophane,	  which	  was	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synthesized	  by	  a	  slightly	  modified	  literature	  procedure.21	  First,	  bromine	  (12.4	  ml,	  
38.8	  g,	  243	  mmol)	  was	  dissolved	  in	  100	  ml	  tetrachloromethane	  and	  15	  ml	  of	  this	  
solution	  was	  added	  dropwise	  to	  iron	  powder	  (250	  mg,	  4.48	  mmol)	  in	  a	  1	  liter	  round	  
bottom	  flask.	  After	  stirring	  for	  1h	  the	  mixture	  was	  diluted	  with	  350	  ml	  
tetrachloromethane	  and	  [2.2]paracyclophane	  (25.0	  g,	  120	  mmol)	  was	  added.	  The	  
remaining	  bromine	  solution	  was	  added	  dropwise	  over	  a	  period	  of	  3h	  and	  stirring	  
remained	  for	  16h.	  A	  saturated	  aqueous	  thiosulfate	  solution	  (5ml)	  was	  carefully	  
added	  and	  the	  solid	  was	  filtered	  off.	  The	  residue	  was	  washed	  with	  water	  (100	  ml),	  
ethanol	  (100	  ml)	  and	  pentane	  (100	  ml),	  then	  refluxed	  in	  dichloromethane	  (1.2	  liter)	  
and	  filtered	  again.	  The	  solution	  was	  now	  concentrated	  (to	  a	  total	  volume	  of	  700	  ml)	  
and	  cooled	  to	  –30	  °C.	  After	  filtration	  the	  4,12-­‐dibromo[2.2]paracyclophane	  
compound	  (12.0	  g,	  27%)	  was	  obtained	  as	  a	  colorless	  solid.	  1H	  NMR	  (500	  MHz,	  
CDCl3):	  7.15	  (dd,	  J	  =	  7.8	  Hz,	  1.7	  Hz,	  2H,	  aromatic),	  6.52	  (d,	  J	  =	  1.7	  Hz,	  2H,	  aromatic),	  
6.44	  (d,	  J	  =	  7.8	  Hz,	  2H,	  aromatic),	  3.45	  (ddd,	  J	  =	  13.1	  Hz,	  10.4	  Hz,	  2.4	  Hz,	  2H,	  CH2),	  
3.16	  (ddd,	  J	  =	  12.9	  Hz,	  10.4	  Hz,	  5.0	  Hz,	  2H,	  CH2),	  2.95	  (ddd,	  J	  =	  12.9	  Hz,	  10.8	  Hz,	  2.4	  
Hz,	  2H,	  CH2),	  2.85	  (ddd,	  J	  =	  13.1	  Hz,	  10.8	  Hz,	  5.0	  Hz,	  2H,	  CH2)	  ppm.	  13C	  NMR	  (125	  
MHz,	  CDCl3):	  141.2,	  138.5,	  137.3,	  134.1,	  128.3,	  126.7,	  35.4,	  32.8	  ppm.	  FT-­‐IR	  (ATR):	  
2933,	  1583,	  1535,	  1473,	  1390,	  1186,	  1030,	  899,	  855,	  830,	  706,	  669,	  648,	  523,	  464	  
cm-­‐1.	  m.p.:	  225	  °C	  (lit:21	  235	  °C).	  HR-­‐MS	  (EI):	  363.9462	  (calculated	  for	  [M+],	  
C16H14Br2),	  363.9640	  (observed).	  Analytical	  data	  agree	  with	  literature.21	  	  
Under	  an	  argon	  atmosphere	  4,12-­‐dibromo[2.2]paracyclophane	  (3.51	  g,	  9.59	  
mmol)	  was	  dissolved	  in	  175	  ml	  THF	  and	  cooled	  to	  –78	  °C.	  Then	  n-­‐BuLi	  (21.4	  ml,	  
34.2	  mmol,	  1.6	  m	  in	  hexane)	  was	  slowly	  added	  and	  the	  solution	  was	  stirred	  at	  –78	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°C	  for	  9h.	  DMF	  (5.88	  ml,	  5.53	  g,	  75.6	  mmol)	  was	  added	  dropwise	  and	  the	  solution	  
was	  slowly	  warmed	  to	  room	  temperature	  (over	  4	  h)	  and	  stirred	  for	  further	  16	  h.	  
After	  addition	  of	  sat.	  NH4Cl	  solution	  (100	  ml)	  the	  mixture	  was	  acidified	  by	  1	  m	  HCl	  
solution.	  Ethyl	  acetate	  (150	  ml)	  was	  added	  and	  the	  phases	  were	  separated.	  The	  
aqueous	  phase	  was	  extracted	  with	  ethyl	  acetate	  (150	  ml)	  and	  the	  combined	  organic	  
phases	  were	  dried	  over	  MgSO4.	  After	  filtration	  and	  evaporation	  of	  the	  solvent,	  the	  
crude	  product	  was	  purified	  by	  column	  chromatography	  (eluent:	  CH2Cl2)	  yielding	  the	  
product	  (1.13	  g,	  45%)	  4,12-­‐diformyl[2.2]paracyclophane	  as	  a	  colorless	  solid.	  1H	  
NMR	  (500	  MHz,	  CDCl3):	  9.94	  (s,	  2H,	  CHO),	  7.05	  (d,	  J	  =	  1.9	  Hz,	  2H,	  aromatic),	  6.64	  (dd,	  
J	  =	  7.8	  Hz,	  1.9	  Hz,	  2H,	  aromatic),	  6.52	  (d,	  J	  =	  7.8	  Hz,	  2H,	  aromatic),	  4.13	  (ddd,	  J	  =	  13.3	  
Hz,	  10.5	  Hz,	  2.4	  Hz,	  2H,	  CH2),	  3.29	  (ddd,	  J	  =	  13.4	  Hz,	  10.7	  Hz,	  2.4	  Hz,	  2H,	  CH2),	  3.16	  
(ddd,	  J	  =	  13.4	  Hz,	  10.5	  Hz,	  5.8	  Hz,	  2H,	  CH2),	  3.02	  (ddd,	  J	  =	  13.3	  Hz,	  10.7	  Hz,	  5.8	  Hz,	  2H,	  
CH2)	  ppm.	  13C	  NMR	  (125	  MHz,	  CDCl3):	  191.9,	  142.9,	  140.5,	  137.0,	  136.8,	  136.5,	  135.2,	  
34.3,	  32.8	  ppm.	  FT-­‐IR	  (ATR):	  1670,	  1587,	  1223,	  1137,	  862,	  721,	  649	  cm-­‐1.	  m.p.:	  233	  
°C.	  EI-­‐MS	  [70	  eV,	  m/z	  (%)]:	  264	  (84)	  [M+],	  209	  (39)	  [C15H13O],	  132	  (91)	  [C9H8O]+,	  
104	  (100)	  [C8H8]+.	  HR-­‐MS	  (EI):	  264.1150	  (calculated	  for	  [M+],	  C18H16O2),	  264.1152	  
(observed).	  Analytical	  data	  agree	  with	  literature.22	  
3.2.3	  CVD	  Polymerization	  
Poly(diformyl-­‐p-­‐xylylene)	  (polymer	  1)	  and	  poly[(4-­‐aminomethyl-­‐p-­‐
xylylene)-­‐co-­‐(p-­‐xylylene)]	  (polymer	  2)	  were	  synthesized	  via	  CVD	  polymerization	  as	  
shown	  in	  Figure	  3.1.	  The	  CVD	  process	  was	  carried	  out	  at	  0.07	  torr,	  with	  20	  sccm	  
argon	  as	  carrier	  gas.	  The	  precursor	  was	  sublimed	  at	  90-­‐110˚C	  in	  vacuum	  and	  
 76 
converted	  into	  the	  corresponding	  diradical	  by	  thermal	  pyrolysis	  (670˚C)	  under	  
vacuum.	  The	  diradicals	  then	  spontaneously	  adsorbed	  and	  polymerized	  on	  the	  
cooled	  (15˚C)	  substrate	  placed	  on	  top	  of	  a	  rotating	  stage.	  The	  deposition	  rate	  was	  
controlled	  at	  0.5	  Å/s	  and	  the	  resulted	  film	  thickness	  was	  controlled	  by	  different	  
precursor	  feeding	  amount	  (Supplemental	  Figure	  3.8).	  To	  generate	  surfaces	  with	  
polymer	  micro-­‐patterns	  by	  multiple-­‐step	  CVD	  as	  shown	  in	  Figure	  3.6,	  polymer	  1	  
was	  coated	  on	  the	  surface	  multiple	  times	  with	  different	  monomer	  feeding	  amount	  
and	  with	  the	  help	  of	  PDMS	  masks.	  
3.2.4	  Polymer	  Coating	  Characterization	  	  
FTIR	  spectra	  of	  the	  CVD	  polymer	  films	  were	  recorded	  on	  a	  Nicolet	  6700	  
spectrometer	  with	  the	  grazing	  angle	  accessory	  (Smart	  SAGA)	  with	  a	  80°	  fixed	  angle	  
of	  incidence.	  XPS	  spectra	  were	  acquired	  on	  an	  Axis	  Ultra	  X-­‐ray	  photoelectron	  
spectrometer	  (Kratos	  Analyticals,	  UK)	  equipped	  with	  a	  monochromatized	  AlKα	  X-­‐
ray	  source.	  All	  spectra	  were	  calibrated	  with	  respect	  to	  the	  non-­‐functionalized	  
aliphatic	  carbon	  with	  a	  binding	  energy	  of	  285.0	  eV.	  Thicknesses	  were	  measured	  on	  
silicon	  or	  gold	  substrates	  with	  an	  Imaging	  Spectroscopic	  Ellipsometer	  (Accurion,	  
Nanofilm	  EP³-­‐SE).	  Ellipsometric	  parameters	  were	  fitted	  using	  the	  Cauchy	  model.	  
The	  imaging	  lateral	  resolution	  is	  ~2	  μm	  for	  the	  10×	  objective.	  
3.2.5	  Fluorescent	  Molecules	  Immobilization	  and	  Imaging	  
Three	  different	  types	  of	  molecules	  were	  used	  in	  this	  study	  and	  their	  
immobilizations	  are	  respectively	  described	  below.	  Alexa	  Fluor®	  488	  conjugated	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fibrinogen,	  Alexa	  Fluor®	  555	  hydrazide	  and	  the	  SYBR®	  Gold	  nuclear	  gel	  stain	  were	  
purchased	  from	  Life	  Technologies	  Corporation.	  The	  lambda	  DNA	  (48,502bp)	  was	  
acquired	  from	  Promega.	  
For	  the	  Alexa	  Fluor	  488	  conjugated	  fibrinogen	  immobilization,	  surfaces	  of	  
different	  thicknesses	  with	  or	  without	  pattern	  were	  incubated	  in	  the	  Alexa	  Fluor®	  
488	  conjugated	  fibrinogen	  PBS	  solutions	  for	  5h.	  The	  concentration	  was	  100	  μg/ml	  
for	  all	  the	  experiments	  except	  the	  concentration	  dependence	  study	  shown	  in	  
Supplemental	  Figure	  3.9.	  For	  the	  concentration	  dependence	  study,	  different	  
concentrations	  ranging	  from	  0.1	  to	  100	  μg/ml	  were	  used.	  All	  samples	  were	  washed	  
five	  times	  with	  PBS	  and	  five	  times	  with	  deionized	  water	  before	  air	  drying	  and	  
imaging.	  
Alexa	  Fluor	  555	  hydrazide	  was	  dissolved	  in	  water	  with	  highly	  diluted	  
hydrochloric	  acid	  (pH=5),	  with	  a	  final	  concentration	  of	  10	  μg/ml	  for	  all	  experiments	  
except	  the	  concentration	  dependence	  study	  shown	  in	  Supplemental	  Figure	  3.10.	  
Different	  concentrations	  ranging	  from	  0.01	  to	  10	  μg/ml	  were	  used	  for	  the	  
concentration	  dependence	  study.	  Surfaces	  were	  incubated	  in	  the	  Alexa	  Fluor	  555	  
hydrazide	  solutions	  for	  12	  h,	  followed	  by	  thorough	  washing	  with	  deionized	  water	  
and	  air	  drying.	  
For	  the	  lambda	  DNA	  experiments,	  SYBR®	  Gold	  nuclear	  gel	  stain	  (10,000X	  
Concentrate	  in	  DMSO)	  was	  diluted	  10,000	  fold	  in	  Tris-­‐EDTA	  (TE)	  1X	  Solution	  (pH	  
7.6).	  10	  μl	  Lambda	  DNA	  TE	  solution	  was	  added	  to	  1	  ml	  of	  the	  diluted	  SYBR	  gold	  TE	  
solution,	  making	  the	  final	  DNA	  concentration	  10	  μg/ml.	  The	  DNA	  and	  the	  SYBR	  Gold	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dye	  were	  well	  mixed	  and	  kept	  in	  the	  dark	  for	  12	  hours.	  For	  the	  immobilization	  
experiments,	  the	  SYBR	  gold	  stained	  DNA	  solution	  was	  diluted	  in	  DNA	  grade	  pure	  
water	  (Fisher	  Scientific)	  to	  50	  ng/ml.	  The	  polymer	  2	  coated	  surfaces	  were	  incubated	  
in	  the	  50	  ng/ml	  SYBR	  Gold	  stained	  DNA	  solution	  for	  30	  min	  before	  thorough	  rinsing	  
with	  the	  DNA	  grade	  pure	  water	  and	  air-­‐drying.	  
All	  the	  procedures	  descried	  above	  were	  carried	  out	  in	  the	  dark.	  All	  the	  air-­‐
dried	  surfaces	  with	  the	  fluorescent	  molecules	  were	  imaged	  with	  a	  fluorescence	  
microscope	  (Nikon	  Eclipse	  80i)	  within	  15	  min	  of	  drying.	  The	  exposure	  time	  for	  all	  
fluorescence	  imaging	  acquisition	  is	  100	  ms.	  The	  software	  package	  ImageJ	  was	  used	  
for	  quantifying	  fluorescence	  intensity.	  Background	  intensity	  was	  subtracted	  to	  
calculate	  the	  final	  quantified	  result	  (Before	  in	  contact	  with	  the	  fluorophore	  solution,	  
each	  piece	  of	  sample	  was	  measured	  under	  the	  fluorescence	  microscope	  with	  the	  









3.3	  Results	  and	  Discussion	  
	  
Figure	  3.1	  Chemical	  vapor	  deposition	  polymerization	  scheme	  for	  the	  two	  types	  of	  









As	  shown	  in	  Figure	  3.1,	  two	  different	  types	  of	  polymer	  coatings	  were	  
synthesized	  via	  CVD	  polymerization.	  Polymer	  1	  and	  polymer	  2	  differ	  in	  the	  type	  of	  
functional	  groups	  that	  are	  available	  for	  further	  surface	  modification;	  i.e.,	  aldehyde	  
groups	  (polymer	  1)	  vs.	  amino	  groups	  (polymer	  2).	  For	  both	  polymers,	  the	  
corresponding	  [2.2]paracyclophanes	  (dimer)	  were	  sublimed	  at	  around	  100	  ºC	  in	  an	  
argon	  carrier	  gas,	  heated	  to	  670	  ºC	  and	  cleaved	  into	  monomers.	  The	  monomers	  
were	  then	  adsorbed	  onto	  the	  cooled	  substrates	  and	  polymerized	  at	  15	  ºC,	  forming	  
conformal	  polymer	  coatings	  with	  controlled	  thicknesses.	  The	  CVD	  polymerization	  
process	  is	  conducted	  in	  vacuum	  at	  0.07	  torr.	  The	  spectra	  shown	  in	  Figure	  3.2	  are	  
reported	  for	  the	  newly	  synthesized	  polymer	  1.	  The	  strong	  IR	  peak	  at	  1689	  cm-­‐1	  is	  
characteristic	  of	  the	  aldehyde	  functional	  group.	  The	  XPS	  data	  present	  the	  surface	  
composition	  of	  polymer	  1	  within	  the	  outermost	  10	  nm.	  Values	  generated	  from	  the	  
experimental	  spectra	  by	  CasaXPS	  software	  are	  listed	  in	  Figure	  3.2.	  The	  survey	  
results	  indicate	  that	  the	  atom	  ratios	  of	  C	  and	  O	  are	  90.6%	  and	  9.4%,	  respectively.	  
These	  experimental	  values	  are	  in	  good	  accordance	  with	  the	  theoretical	  calculated	  
values	  from	  the	  chemical	  structure	  of	  polymer	  1,	  which	  show	  C	  90.0%	  and	  O	  10.0%.	  
The	  high	  resolution	  C1s	  region	  presents	  3	  carbon	  atoms	  with	  different	  chemical	  
states:	  C-­‐C/H	  at	  285.0	  eV,	  C-­‐C=O	  at	  285.6	  eV,	  C=O	  at	  287.6	  eV,	  and	  the	  π→π*	  signal	  
at	  290.8	  eV.	  The	  atom	  ratios	  of	  the	  three	  different	  carbon	  species	  care	  79.3%,	  7.1%,	  
and	  7.0%,	  respectively.	  The	  polymer	  1	  is	  stable	  in	  common	  organic	  solvents,	  such	  as	  
acetone	  and	  chloroform.	  It	  remained	  intact	  after	  assessment	  of	  the	  adhesion	  by	  the	  
scotch	  tape	  test	  method,23	  confirming	  excellent	  adhesion	  of	  polymer	  1.	  Polymer	  2	  
was	  published	  previously17a	  and	  the	  FTIR	  and	  XPS	  data	  the	  polymer	  prepared	  in	  this	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study	  via	  CVD	  polymerization	  were	  in	  excellent	  agreement	  with	  previously	  reported	  
data.	  
	  
Figure	  3.3	  a)	  Fluorescence	  intensity	  of	  Alexa	  Fluor®	  488	  conjugated	  fibrinogen	  
adsorbed	  on	  different	  substrates	  (35	  nm	  gold	  –	  squares,	  100	  nm	  gold	  –	  diamonds,	  
silicon	  –	  circles,	  triangle	  –	  glass)	  coated	  with	  polymer	  1	  films	  of	  different	  
thicknesses.	  Black	  solid	  line:	  Eq.	  (1)	  with	  I0=105	  counts,	  a=488	  nm,	  b=700	  nm,	  c=20	  
nm;	  Black	  dashed	  line:	  same	  as	  black	  solid	  line	  but	  with	  sin10(x)	  instead	  of	  sin4(x)	  
dependence;	  Red	  line:	  Eq.	  (2)	  with	  I0=45	  counts,	  a=488	  nm,	  b=700	  nm.	  	  
	  
After	  the	  polymer	  1	  was	  synthesized	  and	  characterized,	  it	  was	  deposited	  on	  
silicon,	  glass	  and	  gold	  substrates.	  Figure	  3.3	  shows	  the	  fluorescence	  intensity	  of	  
different	  surfaces	  coated	  with	  polymer	  1	  after	  being	  incubated	  in	  Alexa	  Fluor	  
488	  conjugated	  fibrinogen	  for	  5	  hours,	  washed	  and	  air-­‐dried.	  Fibrinogen	  is	  selected	  
here	  because	  it	  adsorbs	  strongly	  to	  hydrophobic	  surfaces	  and	  is	  usually	  used	  as	  a	  
model	  for	  “sticky”	  serum	  proteins.24	  The	  concentration	  was	  sufficiently	  high	  to	  fully	  
saturate	  the	  surface	  (Supplemental	  Figure	  3.9).	  	  






















On	  gold	  layers	  with	  a	  thickness	  of	  either	  35	  nm	  or	  100	  nm,	  the	  peak	  
fluorescence	  signal	  was	  significantly	  enhanced,	  with	  peak	  intensity	  ~4	  times	  the	  
intensity	  that	  exhibits	  on	  polymer-­‐coated	  glass.	  Previous	  reports	  suggest	  that	  a	  gold	  
thickness	  in	  the	  range	  of	  30	  to	  60	  nm	  is	  optimal	  for	  field	  enhancement.25	  In	  this	  
study,	  the	  observed	  fluorescence	  from	  fluorophores	  above	  35	  nm	  and	  100	  nm	  gold	  
coated	  substrates	  shows	  no	  obvious	  difference.	  Importantly,	  the	  observed	  
fluorescence	  is	  close	  to	  zero	  when	  the	  polymer	  thickness	  is	  <10	  nm	  as	  well	  as	  near	  
120	  nm.	  The	  fluorescence	  signal	  can	  be	  fit	  with	  equation	  (1):	  	  
	  I(h)	  =	  I0*sin4(2πn(h+c)/a)*exp(-­‐h/b)	  	  	  	  	  	  	  	  	  Eq.	  (1)	  
where	  I0	  is	  a	  fit	  constant,	  n	  is	  the	  refractive	  index	  of	  the	  coating	  (n=1.77	  for	  
polymer	  1	  at	  λ=500	  nm),	  a	  is	  a	  fit	  parameter	  in	  between	  the	  excitation	  and	  emission	  
wavelengths	  of	  the	  dye,	  and	  b	  is	  a	  fit	  parameter	  capturing	  the	  decaying	  coherence	  
between	  excitation	  and	  emission	  modulation	  and	  different	  angles	  of	  illumination	  
and	  emission	  as	  well	  as	  the	  limited	  depth-­‐of-­‐field	  of	  the	  objective.	  Here,	  the	  constant	  
c=20	  nm	  represents	  an	  offset	  in	  the	  height	  which	  accounts	  for	  the	  slight	  penetration	  
of	  the	  light	  into	  the	  gold	  film.	  The	  fit	  between	  the	  experimental	  data	  is	  further	  
improved	  when	  the	  sin4-­‐dependence	  (solid	  line)	  is	  replaced	  by	  a	  sin10-­‐dependence	  
(dashed	  line).	  This	  sharpening	  of	  the	  height	  dependence	  is	  likely	  the	  result	  of	  
multiple	  internal	  reflections	  of	  light	  passing	  through	  the	  coating,	  in	  a	  manner	  
reminiscent	  of	  a	  Fabry-­‐Perot	  etalon.	  	  
For	  comparison,	  we	  also	  assessed	  the	  case	  where	  silicon	  substrates	  were	  
used	  instead	  of	  gold	  surfaces.	  The	  CVD	  coated	  silicon	  substrate	  showed	  a	  clear	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interference	  contrast	  pattern	  (Figure	  3.3),	  where	  the	  fluorescence	  intensity	  I	  as	  
function	  of	  the	  layer	  thickness	  h	  can	  be	  approximated	  by8b,	  26:	  	  
I	  (h)	  =	  I0*sin4(2πnh/a)*exp(-­‐h/b)	  	  	  	  	  	  	  	  	  Eq.	  (2)	  
While	  the	  maximal	  fluorescence	  intensity	  I0	  can	  theoretically	  be	  up	  to	  four-­‐
fold	  higher	  than	  the	  fluorescence	  signal	  without	  a	  reflecting	  surface,	  constructive	  
interference	  is	  typically	  not	  achieved	  for	  all	  excitation/emission	  angles	  and	  
wavelengths	  simultaneously.	  Additional	  complexity	  is	  introduced	  by	  the	  effect	  of	  the	  
polymer	  coating	  with	  a	  high	  refractive	  index	  on	  the	  emission	  pattern	  of	  the	  
fluorophores	  positioned	  at	  the	  coating-­‐air	  interface.27	  Despite	  these	  complexities,	  
equation	  (1)	  with	  a	  chosen	  to	  be	  equal	  to	  the	  excitation	  wavelength	  and	  b=700	  nm	  
captures	  the	  functional	  dependence	  of	  the	  fluorescence	  signal	  on	  the	  coating	  
thickness	  well.	  	  
The	  peak	  fluorescence	  signal	  on	  polymer	  1	  coated	  silicon	  is	  approximately	  
twice	  the	  fluorescence	  signal	  observed	  for	  a	  glass	  substrate	  covered	  with	  a	  100	  nm	  
layer	  of	  polymer	  1.	  A	  glass	  substrate	  coated	  with	  100	  nm	  thick	  film	  of	  polymer	  1	  
was	  chosen	  as	  the	  reference	  substrate	  for	  calculating	  the	  enhancement	  factor,	  
because	  the	  polymer	  coated	  glass	  substrates	  did	  not	  show	  thickness-­‐dependent	  
fluorescence	  intensity.	  Due	  to	  higher	  roughness	  of	  the	  glass	  surface	  compared	  to	  the	  
polished	  silicon	  or	  the	  gold-­‐coated	  silicon,	  we	  chose	  the	  100	  nm	  polymer	  thickness	  
to	  ensure	  full	  surface	  coverage.	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Figure	  3.4	  a)	  Fluorescence	  intensity	  of	  Alexa	  Fluor®	  555	  hydrazide	  covalently	  
immobilized	  on	  different	  substrates	  (35	  nm	  gold	  –	  squares,	  100	  nm	  gold	  –	  
diamonds,	  silicon	  –	  circles,	  triangle	  –	  glass)	  coated	  with	  polymer	  1	  of	  different	  
thicknesses.	  Black	  solid	  line:	  Eq.	  (1)	  with	  I0=73	  counts,	  a=560	  nm,	  b=700	  nm,	  c=20	  
nm;	  Black	  dashed	  line:	  same	  as	  black	  solid	  line	  but	  with	  sin10(x)	  instead	  of	  sin4(x)	  
dependence;	  Red	  line:	  Eq.	  (2)	  with	  I0=24	  counts,	  a=560	  nm,	  b=700	  nm.	  
	  
Notably,	  the	  polymer	  coating	  1	  contains	  free	  aldehyde	  groups	  (Figure	  3.2),	  
which	  can	  be	  readily	  conjugated	  with	  ligands	  or	  dyes	  containing	  hydrazine	  or	  
hydrazide	  groups.	  This	  is	  a	  commonly	  used	  bioconjugation	  reaction,	  which	  has	  been	  
previously	  used	  for	  immobilization	  of	  biomolecules.28	  In	  the	  current	  study,	  we	  used	  
this	  reaction	  to	  immobilize	  Alexa	  Fluor	  555	  hydrazide	  molecules	  to	  polymer	  1.	  
Again,	  care	  was	  taken	  to	  ensure	  that	  the	  concentration	  of	  Alexa	  Fluor	  555	  hydrazide	  
and	  the	  reaction	  time	  was	  sufficiently	  high	  to	  saturate	  the	  surface	  (Supplemental	  
Figure	  3.10).	  
Figure	  3.3	  and	  Figure	  3.4	  shows	  that	  the	  dependence	  of	  the	  fluorescence	  
signal	  on	  the	  coating	  thickness	  can	  again	  be	  described	  by	  Eq.	  (1)	  on	  gold	  surfaces	  of	  
35	  nm	  and	  100	  nm	  thickness	  and	  Eq.	  (2)	  on	  a	  silicon	  surface.	  Relative	  to	  the	  























reference	  substrate	  of	  100	  nm	  polymer	  1	  coated	  glass,	  the	  peak	  fluorescence	  on	  the	  
silicon	  substrate	  is	  approximately	  4-­‐fold	  higher,	  while	  the	  fluorescence	  of	  Alexa	  
Fluor	  555	  hydrazide	  is	  enhanced	  18-­‐fold	  on	  the	  gold	  substrates.	  	  
The	  difference	  in	  enhancement	  factors	  between	  the	  Alexa	  Fluor	  488	  
conjugated	  fibrinogen	  and	  the	  Alexa	  Fluor	  555	  hydrazide	  might	  be	  attributed	  to	  
differences	  in	  the	  initial	  quantum	  yields	  of	  the	  two	  dyes.1,	  9b,	  c	  For	  free	  dyes,	  the	  
quantum	  yield	  for	  Alexa	  Fluor	  488	  is	  0.92,	  and	  for	  Alexa	  Fluor	  555	  only	  0.1.29	  The	  
Alexa	  Fluor	  488	  fibrinogen	  conjugate	  has	  lower	  quantum	  yield	  than	  the	  Alexa	  Fluor	  
488	  dye	  itself.5a	  On	  the	  CVD	  substrates,	  we	  found	  the	  enhancement	  factor	  for	  the	  
Alexa	  Fluor	  555	  hydrazide	  with	  a	  low	  initial	  quantum	  yield	  to	  be	  much	  higher	  than	  
that	  of	  Alexa	  Fluor	  488,	  which	  is	  consistent	  with	  previously	  reported	  studies,	  where	  
the	  most	  dramatic	  relative	  changes	  were	  found	  for	  fluorophores	  with	  the	  lowest	  
quantum	  yields.1,	  9b,	  c	  It	  is	  thought	  that	  the	  intensity	  enhancement	  is	  dictated	  by	  the	  
increased	  radiative	  decay	  rate/	  spontaneous	  emission	  rate	  of	  the	  fluorophore,	  




Figure	  3.5	  a)	  Scheme	  for	  surface	  treatment	  to	  the	  samples	  shown	  in	  this	  figure.	  b)	  
and	  c):	  Bright-­‐field	  images	  for	  polished	  silicon	  wafer	  patterned	  with	  35nm	  gold	  film	  
inside	  the	  squares	  and	  circles	  features;	  d),	  e),	  f),	  g):	  the	  gold	  patterned	  silicon	  
substrates	  similar	  as	  shown	  in	  b)	  and	  c)	  were	  coated	  with	  polymer	  1	  of	  different	  
thicknesses	  (10nm,	  20nm,	  40nm,	  85nm,	  respectively)	  and	  then	  incubated	  in	  Alexa	  
Fluor	  488	  conjugated	  fibrinogen	  solution	  (100	  μg/ml	  in	  PBS)	  for	  5	  hours	  followed	  
by	  thorough	  rinsing	  and	  drying	  before	  fluorescence	  microscope	  imaging;	  m)	  and	  n):	  
the	  gold	  patterned	  silicon	  substrates	  were	  coated	  with	  polymer	  1	  of	  different	  
thicknesses	  (55nm	  and	  110nm,	  respectively)	  and	  then	  incubated	  in	  Alexa	  Fluor	  555	  
hydrazide	  solution	  (10	  μg/ml,	  pH=5)	  for	  12	  hours	  followed	  by	  thorough	  washing	  




To	  directly	  confirm	  the	  role	  of	  the	  gold	  substrate,	  we	  micropatterned	  gold	  
islands	  onto	  silicon	  wafers	  using	  an	  electron	  beam	  evaporation	  process	  (Figure	  
3.5a).	  This	  configuration	  allows	  us	  to	  directly	  compare	  gold-­‐coated	  areas	  with	  a	  
bare	  silicon	  substrate.	  The	  resulting	  gold	  patterns	  on	  the	  silicon	  wafer	  are	  shown	  in	  
Figures	  3.5b	  &	  c,	  with	  the	  gold	  substrates	  appearing	  as	  circles	  or	  squares.	  The	  
patterned	  substrates	  were	  then	  coated	  with	  a	  layer	  of	  polymer	  1	  via	  CVD	  
polymerization.	  Specific	  care	  was	  taken	  to	  ensure	  the	  same	  polymer	  thickness	  on	  
top	  of	  the	  gold	  and	  the	  silicon	  areas.	  These	  polymer	  coated	  surfaces	  (with	  the	  
polymer	  layer	  thicknesses	  noted	  in	  Figure	  4)	  were	  used	  to	  immobilize	  Alexa	  Fluor	  
488	  conjugated	  fibrinogen	  (Figures	  3.5	  d-­‐g)	  as	  well	  as	  Alexa	  Fluor	  555	  hydrazide	  
(Figures	  3.5	  m	  &	  n).	  The	  surface	  treatment	  procedure	  is	  illustrated	  schematically	  in	  
Figure	  3.5a.	  The	  micro-­‐patterned	  surfaces	  displayed	  the	  same	  trend	  with	  respect	  to	  
florescence	  intensity	  change	  as	  observed	  in	  Figures	  3.3	  and	  3.4.	  The	  surface	  
featuring	  a	  10	  nm-­‐thick	  coating	  of	  polymer	  1	  was	  dark.	  In	  contrast,	  brighter	  
fluorescence	  was	  observed	  on	  the	  surface	  of	  the	  20	  nm-­‐thick	  polymer	  coating.	  This	  
trend	  continued	  for	  the	  40	  nm-­‐thick	  polymer	  coating.	  Figure	  3.5g	  and	  Figure	  3.5n	  
had	  the	  reverse	  pattern	  contrast	  compared	  to	  Figures	  3.5e,	  3.5f	  &	  3.5m,	  with	  the	  
fluorescence	  intensity	  on	  the	  polymer	  coated	  silicon	  area	  higher	  than	  the	  polymer	  
coated	  gold	  area.	  This	  is	  consistent	  with	  what	  we	  observed	  in	  Figure	  3.3	  and	  Figure	  
3.4,	  because	  they	  both	  fall	  into	  the	  thickness	  range	  where	  the	  fluorescent	  molecules	  
on	  the	  polymer-­‐coated	  gold	  actually	  have	  lower	  intensity	  than	  the	  polymer-­‐coated	  
silicon.	  Thus	  the	  observed	  fluorescence	  pattern	  can	  be	  completely	  reversed,	  




Figure	  3.6	  All	  substrates	  here	  are	  polished	  silicon	  wafers	  coated	  with	  100	  nm	  
homogenous	  gold	  film	  (no	  metal	  pattern).	  The	  feature	  contrast	  shown	  in	  all	  the	  
images	  is	  from	  different	  polymer	  film	  thickness	  inside	  and	  outside	  the	  squares	  after	  
Multiple-­‐step	  VAMPIR	  CVD	  coating.	  a)	  Scheme	  for	  surface	  treatment	  to	  the	  samples	  
shown	  in	  this	  figure.	  The	  numbers	  in	  b),	  d),	  e),	  f),	  g)	  show	  the	  thicknesses	  of	  
different	  areas.	  b):	  The	  gold	  substrate	  coated	  with	  polymer	  1	  (44nm	  inside	  the	  
squares	  and	  35nm	  outside	  the	  squares)	  was	  incubated	  in	  Alexa	  Fluor®	  
488	  conjugated	  fibrinogen	  solution	  (100	  μg/ml	  in	  PBS)	  for	  5	  hours	  followed	  by	  
thorough	  wash	  and	  drying.	  Fluorescence	  microscope	  image	  was	  taken	  in	  the	  FITC	  
channel;	  c):	  Imaging	  ellipsometry	  thickness	  map	  and	  line	  profile	  for	  the	  same	  
sample	  shown	  in	  b)	  before	  in	  contact	  with	  the	  fibrinogen.	  d),	  e),	  f),	  g):	  The	  gold	  
substrate	  were	  coated	  with	  polymer	  1	  of	  different	  thicknesses	  in	  different	  areas	  
(thicknesses	  noted	  in	  the	  images),	  and	  then	  incubated	  in	  Alexa	  Fluor®	  555	  
hydrazide	  solution	  (10	  μg/ml,	  pH=5)	  for	  12	  hours	  followed	  by	  thorough	  rinsing	  and	  
drying.	  Fluorescence	  microscope	  images	  were	  then	  acquired	  in	  the	  Cy3	  channel.	  g)	  




Next,	  we	  wanted	  to	  assess	  the	  impact	  of	  regions	  of	  different	  polymer	  
thicknesses	  on	  an	  isotropic	  gold	  film.	  Direct	  polymer	  microstructuring	  during	  the	  
CVD	  polymerization	  has	  been	  shown	  in	  the	  past,18b	  and	  can	  be	  easily	  applied	  to	  the	  
various	  substrates	  studied	  in	  this	  work.	  This	  approach	  can	  give	  rise	  to	  patterns	  with	  
different	  polymer	  thicknesses	  (Figure	  3.6a).	  Polymer	  1	  was	  coated	  onto	  a	  
homogenous	  gold	  surface	  via	  the	  VAMPIR	  process,	  which	  is	  a	  multiple-­‐step	  CVD	  
coating	  process	  that	  uses	  PDMS	  masks	  to	  create	  terraces	  of	  varying	  thicknesses.	  All	  
micro-­‐engineered	  polymer	  coatings	  thicknesses	  in	  different	  patterned	  regions	  were	  
then	  measured	  by	  imaging	  ellipsometry	  before	  the	  samples	  were	  brought	  in	  contact	  
with	  the	  fluorescent	  molecules.	  The	  imaging	  ellipsometry	  thickness	  map	  (Figure	  
3.6c)	  for	  the	  same	  sample	  shown	  in	  Figure	  3.6b	  is	  a	  representative	  example	  of	  the	  
polymer	  pattern	  thickness	  measurements	  employed	  in	  this	  study.	  The	  different	  film	  
thicknesses	  are	  noted	  in	  the	  fluorescence	  microscope	  images	  shown	  in	  Figure	  3.6.	  
Figures	  3.6	  b	  &	  d-­‐g	  clearly	  show	  how	  a	  chemically	  isotropic	  surface	  can	  give	  sharp	  
fluorescence	  intensity	  contrast	  simply	  by	  changing	  the	  spacer	  layer	  thicknesses	  
patterned	  on	  different	  regions	  of	  the	  same	  surface.	  Remarkably,	  the	  intensity	  change	  
of	  the	  immobilized	  fluorescent	  molecules	  on	  the	  polymer	  patterned	  surfaces	  show	  
the	  same	  trend	  as	  Figure	  3.3	  and	  Figure	  3.4.	  	  
In	  sensor	  design	  and	  biodetection	  applications,	  a	  high	  signal-­‐to-­‐noise	  ratio	  is	  
critical	  for	  the	  determination	  of	  a	  fluorescence	  signal,	  since	  lots	  of	  factors	  can	  
confound	  the	  fluorescence	  measurement	  such	  as	  excess	  environmental	  
fluorescence,	  autofluorescence,	  arbitrary	  gain	  settings	  in	  the	  microscope,	  lens	  
effects,	  or	  the	  presence	  of	  water	  and	  other	  molecules	  in	  solution	  if	  imaging	  at	  a	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liquid-­‐solid	  interface.	  To	  accommodate	  these	  factors,	  the	  background	  signal	  is	  often	  
subtracted	  by	  creating	  surface	  patterns	  with	  testing	  regions	  and	  reference	  regions.	  
The	  testing	  regions	  bind	  to	  target	  molecules	  while	  the	  reference	  regions	  do	  not.	  
However,	  this	  approach	  is	  intrinsically	  hampered	  as	  it	  introduces	  heterogeneities	  in	  
the	  surface	  that	  can	  lead	  to	  complex	  adsorption	  processes.	  Moreover,	  it	  is	  difficult	  to	  
ensure	  that	  the	  reference	  regions	  can	  fully	  prevent	  the	  molecule	  binding.	  The	  
current	  configuration	  has	  the	  potential	  to	  enable	  a	  novel	  approach	  for	  fluorescent	  
molecule	  detection	  and	  sensor	  surface	  design.	  While	  chemically	  isotropic	  
throughout	  the	  entire	  substrate	  (i.e.,	  identical	  adsorption	  isotherms),	  the	  polymer	  
area	  with	  the	  optimal	  thickness	  can	  lead	  to	  the	  maximum	  enhancement	  factor	  and	  
can	  serve	  as	  the	  testing	  region.	  For	  comparison,	  a	  surface	  area	  with	  a	  film	  thickness	  
conducive	  to	  full	  fluorescence	  quenching	  can	  act	  as	  the	  reference	  region.	  In	  this	  
design,	  any	  signal	  from	  the	  reference	  region	  would	  only	  originate	  from	  the	  imaging	  
environment	  or	  software	  artifact	  but	  not	  the	  surface	  immobilized	  molecules,	  and	  
thus	  can	  be	  subtracted.	  This	  way,	  we	  are	  able	  to	  achieve	  maximum	  signal	  from	  the	  
testing	  regions	  and	  minimum	  signals	  from	  the	  reference	  region.	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Figure	  3.7	  Lambda	  DNA	  stained	  with	  SYBR	  gold	  adsorbed	  and	  condensed	  on	  
polymer	  2	  (with	  amine	  group)	  coated	  on	  different	  substrates	  with	  different	  
thicknesses.	  All	  the	  samples	  were	  incubated	  in	  the	  DNA	  solution	  (50ng/ml)	  for	  30	  
min	  followed	  by	  thorough	  rinsing.	  All	  scale	  bars	  represent	  10	  μm.	  	  
	  
Finally,	  we	  wanted	  to	  demonstrate	  the	  utility	  of	  the	  fluorescence	  amplifying	  
substrates	  for	  single-­‐molecule	  studies.	  We	  selected	  lambda-­‐DNA	  stained	  with	  SYBR	  
Gold,	  as	  shown	  in	  Figure	  3.7.	  Lambda-­‐DNA	  is	  a	  large	  double-­‐strand	  DNA	  molecule	  
with	  2	  nm	  diameter	  and	  16	  μm	  contour	  length.30	  SYBR	  Gold	  is	  bright	  when	  bound	  to	  
nuclear	  acids	  and	  has	  a	  good	  quantum	  yield	  of	  ~0.6.31	  Here	  we	  selected	  the	  polymer	  
2	  coating	  as	  the	  spacer	  layer	  because	  it	  is	  functionalized	  with	  amino	  groups.	  
Organosilanes	  with	  the	  amino	  groups	  such	  as	  3-­‐aminopropyl-­‐triethoxysilanes	  
(APTES)	  are	  commonly	  used	  to	  treat	  mica/glass	  surface	  to	  immobilize	  and	  condense	  
DNA	  molecules,	  which	  facilitates	  AFM	  or	  fluorescence	  imaging.	  32	  Polymer	  2	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functionalized	  with	  amine	  has	  similar	  interaction	  with	  DNA	  compared	  to	  the	  APTES	  
treated	  glass.	  In	  water	  solution,	  the	  positively	  charged	  amino	  groups	  interact	  with	  
the	  negatively	  charged	  phosphate	  groups	  on	  the	  DNA	  backbone,	  and	  thus	  induce	  
DNA	  immobilization	  and	  condensation.33	  On	  polymer	  coatings	  without	  the	  amine	  
functional	  group,	  we	  could	  not	  see	  the	  single	  DNA	  molecules	  as	  shown	  in	  Figure	  3.7	  
given	  the	  same	  treatment.	  After	  optimizing	  the	  polymer	  2	  spacer	  layer	  thickness,	  we	  
found	  that	  55	  nm	  polymer	  2	  gives	  the	  maximum	  fluorescence	  enhancement	  for	  the	  
immobilized	  SYBR	  gold	  stained	  lambda	  DNA.	  The	  enhancement	  factor	  is	  3-­‐fold	  
compared	  to	  the	  DNA	  immobilized	  on	  100	  nm	  polymer	  2	  coated	  glass.	  The	  
individual	  DNA	  molecules	  can	  be	  much	  better	  seen	  in	  Figure	  3.7b	  with	  MEF	  than	  in	  
Figure	  3.7a.	  Figure	  3.7c	  and	  Figure	  3.7d	  with	  two	  different	  polymer	  2	  thicknesses	  
(45	  nm	  and	  100	  nm)	  on	  gold	  are	  shown	  for	  comparison	  purpose.	  Note	  that	  the	  
amine	  functionalized	  polymer	  2	  coating	  has	  its	  own	  auto-­‐fluorescence.	  Its	  intensity	  
also	  oscillated	  with	  the	  polymer	  2	  thicknesses	  on	  gold.	  This	  suggests	  that	  for	  future	  
study	  we	  can	  take	  advantage	  of	  the	  auto-­‐fluorescence	  from	  some	  biomolecules/cells	  
and	  try	  label-­‐free	  fluorescence	  enhancement	  using	  our	  established	  method	  in	  this	  
study.	  
3.4	  Summary	  and	  Outlook	  	  
By	  using	  nanometer-­‐thick	  reactive	  CVD	  polymer	  coatings	  as	  the	  spacer	  layers	  
for	  MEF	  detection,	  we	  were	  able	  to	  optimize	  the	  fluorescence	  intensity	  amplification.	  
We	  show	  that	  the	  thickness	  of	  the	  polymer	  coating	  can	  modulate	  the	  fluorescence	  
signal	  above	  a	  reflective	  surface	  between	  zero	  and	  a	  maximum,	  that	  gold	  substrates	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provide	  a	  strong	  enhancement	  of	  the	  fluorescence	  signal	  at	  the	  maximum,	  and	  that	  
patterns	  of	  coating	  thickness	  can	  provide	  direct	  visualization	  of	  the	  fluorescence	  
intensity	  change.	  Polymer	  patterns	  with	  optimized	  thickness	  on	  bare	  gold	  surface	  
can	  be	  highly	  useful	  for	  boosting	  the	  sensitivity	  of	  fluorescent	  molecule	  detection	  
sensors.	  Metal	  enhanced	  fluorescence	  can	  also	  facilitate	  single-­‐molecule	  imaging.	  
Moreover,	  lambda-­‐	  DNA	  was	  directly	  visualized	  using	  this	  approach.	  It	  is	  
worth	  noting	  that	  MEF	  is	  affected	  by	  many	  factors,	  such	  as	  the	  metal	  type,	  metal	  
particle	  size	  and	  shape,	  metal	  layer	  preparation	  methods	  and	  even	  the	  adhesion	  
layer.9a,	  11	  It	  almost	  always	  needs	  to	  be	  optimized	  on	  a	  case-­‐by-­‐case	  basis.	  Though	  in	  
this	  study	  we	  may	  not	  have	  optimized	  the	  enhancement	  effect	  in	  every	  aspect,	  we	  
have	  started	  establishing	  a	  viable	  method	  to	  systematically	  study	  and	  use	  the	  MEF	  





















Figure	  3.8	  Linear	  relationship	  of	  precursor	  feeding	  amount	  and	  the	  resulted	  CVD	  




Figure	  3.9	  Concentration	  dependence	  study.	  Fluorescence	  intensity	  of	  Alexa	  Fluor	  
488	  conjugated	  fibrinogen	  (different	  concentration	  from	  0.1	  to	  100	  μg/ml	  in	  PBS,	  
5h)	  adsorbed	  on	  100	  nm	  polymer	  1	  coated	  glass	  or	  45nm	  polymer	  1	  coated	  gold.	  
	  
	  
Figure	  3.10	  Concentration	  dependence	  study.	  Fluorescence	  Intensity	  of	  Alexa	  Fluor	  
555	  hydrazide	  (different	  concentration	  from	  0.01	  to	  10	  μg/ml,	  pH=5,	  12h)	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4.1	  Introduction	  
Biodegradable	  polymers,	  which	  can	  be	  “degraded	  through	  the	  action	  of	  
enzymes	  and/or	  chemical	  decomposition	  associated	  with	  living	  organisms	  or	  their	  
secretion	  products”	  have	  a	  wide	  range	  of	  applications	  such	  as	  packaging,	  biomedical	  
usage	  and	  detergent	  applications.1	  The	  main	  driving	  forces	  of	  developing	  
biodegradable	  polymers	  are	  the	  environmental	  concern	  of	  non-­‐degradable	  
polymers1-­‐2	  and	  the	  demand	  for	  degradable	  materials	  in	  many	  biomedical	  
applications	  (surgical	  fixation,	  controlled	  drug	  delivery,	  tissue	  engineering,	  etc.).1,	  3	  	  
The	  chemical	  vapor	  deposition	  (CVD)	  polymerization	  technique	  has	  a	  lot	  of	  
distinctive	  advantages	  as	  a	  coating	  and	  surface	  functionalization	  platform	  as	  
discussed	  in	  Chapter	  1.	  It	  has	  been	  successfully	  used	  in	  biomedical	  surface	  
modifications	  such	  as	  biomolecule	  immobilization	  (Chapter	  2),	  potential	  biosensor	  
surface	  design	  (Chapter	  3)	  and	  functional	  insulating	  coatings	  for	  chronically	  
recording	  microelectrodes.4	  However,	  for	  certain	  applications	  such	  as	  modifying	  
tissue	  engineering	  scaffold	  surfaces,	  completely	  biodegradable	  CVD	  polymer	  
coatings	  are	  desired.	  Successfully	  synthesized	  biodegradable	  CVD	  polymers	  can	  
combine	  the	  advantages	  of	  the	  chemical	  vapor	  deposition	  and	  degradability.	  
Previously,	  other	  researchers	  have	  reported	  using	  CVD	  to	  synthesize	  poly(2-­‐
	   100	  
hydroxyethyl	  methacrylate)	  (PHEMA)	  films	  and	  studied	  their	  degradation.5	  
However,	  the	  ester	  groups	  of	  PHEMA	  are	  not	  in	  the	  polymer	  backbone,	  only	  in	  the	  
side	  chains.	  It	  is	  therefore	  only	  partially	  degradable.	  
Here	  we	  report	  for	  the	  first	  time	  a	  CVD	  synthesized	  polymer	  film	  with	  ester	  
groups	  in	  the	  backbone	  by	  copolymerizing	  [2.2]paracyclophanes	  with	  cyclic	  ketene	  
acetals.	  Cyclic	  ketene	  acetals	  can	  polymerize	  with	  a	  radical	  initiator	  via	  ring-­‐opening	  
polymerization,	  forming	  biodegradable	  polymers	  with	  ester	  groups	  in	  the	  polymer	  
backbone.6	  They	  have	  also	  been	  used	  in	  copolymerizations	  with	  different	  vinyl	  
monomers	  in	  the	  presence	  of	  a	  radical	  initiator	  to	  impart	  biodegradability	  to	  
common	  vinyl	  polymers,	  including	  photodegradable	  polymers,	  water-­‐soluble	  
polymers,	  thermosensitive	  polymers,	  detergent	  builders	  and	  hydrogels.6a	  In	  this	  
study,	  we	  use	  the	  diradicals	  generated	  during	  the	  traditional	  [2.2]paracyclophane	  
CVD	  process	  as	  initiators	  for	  the	  cyclic	  ketene	  acetal	  ring-­‐opening	  polymerization.	  
The	  diradicals	  can	  also	  serve	  as	  copolymer	  building	  blocks	  and	  contribute	  to	  the	  
resulting	  polymer	  backbone.	  (Figure	  4.1)	  Functional	  groups	  attached	  to	  the	  
[2.2]paracyclophanes	  can	  potentially	  be	  used	  to	  change	  the	  polymer	  properties	  
(hydrophobicity,	  charge	  etc.)	  and	  to	  immobilize/deliver	  desired	  molecules	  to	  guide	  
cell	  behavior	  and	  tissue	  response.	  More	  importantly,	  the	  polymer	  should	  be	  able	  to	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Figure	  4.1	  Scheme	  of	  the	  biodegradable	  CVD	  film	  synthesis	  by	  copolymerizing	  
[2.2]paracyclophanes	  with	  cyclic	  ketene	  acetals.	  
	  
	  
4.2	  Experimental	  Section	  
4.2.1	  Synthesis	  of	  Cyclic	  Ketene	  Acetals	  (Dr.	  Christian	  Friedmann	  and	  Domenic	  
Kratzer)	  
The	  synthesis	  methods	  of	  different	  ketene	  acetals	  are	  well	  documented	  in	  the	  
literature.7	  The	  most	  commonly	  used	  cyclic	  ketene	  acetals	  in	  radical	  ring-­‐opening	  
polymerization	  studies	  are	  summarized	  in	  a	  review	  by	  Seema	  Agarwal	  published	  in	  
2010.6b	  The	  ones	  we	  synthesized	  in	  our	  lab	  and	  used	  in	  this	  study	  are	  5,6-­‐benzo-­‐2-­‐
methylene-­‐1,3-­‐dioxepane	  (Figure	  4.2),	  2-­‐methylene-­‐1,3-­‐dioxepane	  (Figure	  4.3)	  and	  
2-­‐methylene-­‐1,3,6-­‐trioxocane	  (Figure	  4.4).	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Figure	  4.2	  Synthesis	  scheme	  of	  5,6-­‐benzo-­‐2-­‐methylene-­‐1,3-­‐dioxepane.	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Synthesis	  of	  2-­‐(chloromethyl)-­‐5,6-­‐benzo-­‐1,3-­‐dioxepane	  
1,2-­‐Benzendimethanol	   (16.3	   g,	   118	   mmol),	   chloracetaldehyde	   dimethyl	  
acetal	  (14.0	  mL,	  122	  mmol)	  and	  p-­‐toluenesulfonic	  acid	  (p-­‐TSA)	  (105	  mg,	  0.60	  mmol)	  
were	  dissolved	  in	  diglyme	  (33	  mL)	  and	  the	  flask	  was	  equipped	  with	  a	  short	  column	  
(10	  cm)	  and	  a	  collecting	  flask	  for	  the	  generated	  methanol.	  The	  mixture	  was	  heated	  
to	   150	   °C	   and	   stirred	   for	   24	   hours	   until	   no	   more	   methanol	   was	   collected.	   After	  
cooling	   to	   room	   temperature	   hexane	   (100	   mL)	   was	   added	   and	   the	   precipitated	  
product	  was	   filtered	   off.	   After	  washing	  with	   hexane	   (3	   x	   80	  mL)	   the	   product	  was	  
obtained	  as	  a	  white	  solid	  (14.2	  g,	  60%).	  –	  1H-­‐NMR	  (500	  MHz,	  CDCl3):	  7.29–7.20	  (m,	  
4H,	  aromatic),	  5.12	  (t,	  J	  =	  5.1	  Hz,	  1H,	  OCH),	  4.98	  (d,	  J	  =	  14.5	  Hz,	  2H,	  OCH2),	  4.95	  (d,	  J	  =	  
14.5	  Hz,	  2H,	  OCH2),	  3.63	  (d,	  J	  =	  5.1	  Hz,	  2H,	  CH2Cl)	  ppm.	  –	  13C-­‐NMR	  (125	  MHz,	  CDCl3):	  
138.5,	  127.8,	  127.5,	  106.2,	  72.0,	  43.9	  ppm.	  
Synthesis	  of	  5,6-­‐benzo-­‐2-­‐methylene-­‐1,3-­‐dioxepane	  
Under	  argon,	  2-­‐(Chloromethyl)-­‐5,6-­‐benzo-­‐1,3-­‐dioxepane	  (11.2	  g,	  56.1	  mmol)	  
and	   potassium	   t-­‐butoxide	   (KOtBu)	   (7.74	   g,	   69.0	   mmol)	   were	   dissolved	   in	  
tetrahydrofuran	  (125	  mL)	  and	  the	  mixture	  was	  heated	  to	  50	  °C.	  After	  72	  hours	  the	  
suspension	  was	   cooled	   to	   room	   temperature	   and	   the	   solvent	  was	   removed	  under	  
reduced	  pressure.	  Next,	  diethyl	  ether	  (350	  mL)	  was	  added	  and	  the	  solid	  was	  filtered	  
off.	   After	   removal	   of	   the	   solvent,	   the	   crude	   product	   was	   purified	   by	   column	  
chromatography	  (eluent:	  hexane/ethyl	  acetate	  4:1	  +	  5	  Vol%	  triethylamine)	  to	  yield	  
the	  product	  as	  a	  colorless	  solid	  (4.51	  g,	  50%).	  –	  Rf	  =	  0.70	  (hexane/ethyl	  acetate	  4:1	  +	  
5	  Vol%	   triethylamine).	   –	   1H-­‐NMR	   (500	  MHz,	  CDCl3):	   7.29–7.26	   (m,	  2H,	   aromatic),	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7.13–7.10	  (m,	  2H,	  aromatic),	  5.09	  (s,	  4H,	  OCH2),	  3.75	  (s,	  2H,	  CH2)	  ppm.	  –	  13C-­‐NMR	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Figure	  4.3	  Synthesis	  scheme	  of	  2-­‐methylene-­‐1,3-­‐dioxepane.	  
	  
Synthesis	  of	  2-­‐chloromethyl-­‐1,3-­‐dioxepane	  
1,4-­‐Butanediol	   (17.9	   mL,	   202	   mmol),	   chloracetaldehyde	   dimethyl	   acetal	  
(23.1	   mL,	   202	   mmol)	   and	   p-­‐toluenesulfonic	   acid	   (100	   mg,	   0.58	   mmol)	   were	  
dissolved	  in	  1,4-­‐dimethylbenzene	  (25	  mL)	  and	  the	  flask	  was	  equipped	  with	  a	  short	  
column	  (10	  cm)	  and	  a	  collecting	  flask	  for	  the	  generated	  methanol.	  The	  mixture	  was	  
heated	   to	   130	   °C	   and	   stirred	   for	   24	   hours	   until	   no	  more	  methanol	  was	   collected.	  
After	   cooling	   to	   room	   temperature,	   the	   crude	   product	  was	   purified	   by	   distillation	  
(55	  mbar,	  95	  °C)	  to	  give	  24.9	  g	  (81%)	  of	  the	  title	  compound	  as	  colorless	  liquid.	  –	  1H-­‐
NMR	  (500	  MHz,	  CDCl3):	  4.90	  (t,	  J	  =	  5.3	  Hz,	  1H,	  OCH),	  3.97–3.92	  (m,	  2H,	  OCH2),	  3.70–
3.66	  (m,	  2H,	  OCH2),	  3.47	  (d,	  J	  =	  5.3	  Hz,	  2H,	  CH2Cl),	  1.79–1.67	  (m,	  4H,	  OCH2CH2)	  ppm.	  	  
Synthesis	  of	  2-­‐methylene-­‐1,3-­‐dioxepane	  
Under	   argon,	   2-­‐Chloromethyl-­‐1,3-­‐dioxepane	   (24.0	   g,	   159	  mmol)	   and	  KOtBu	  
(19.6	   g,	   175	  mmol)	  were	   dissolved	   in	   tetrahydrofuran	   (175	  mL)	   and	   the	  mixture	  
was	  heated	  to	  50	  °C.	  After	  72	  hours	  the	  suspension	  was	  cooled	  to	  room	  temperature	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and	  the	  solvent	  was	  removed	  under	  reduced	  pressure.	  Next,	  diethyl	  ether	  (350	  mL)	  
was	   added	   and	   the	   solid	   was	   filtered	   off.	   The	   organic	   phase	   was	   dried	   over	  
magnesium	  sulfate,	  then	  the	  solvent	  was	  removed	  under	  reduced	  pressure	  and	  the	  
crude	  product	  was	  purified	  by	  distillation	  (140	  mbar,	  88	  °C)	  to	  give	  5.46	  g	  (30%)	  of	  
the	   title	  compound	  as	  colorless	   liquid.	  –	  1H-­‐NMR	   (500	  MHz,	  CDCl3):	  3.96–3.90	  (m,	  



















Figure	  4.4	  Synthesis	  scheme	  of	  2-­‐methylene-­‐1,3,6-­‐trioxocane.	  
	  
Synthesis	  of	  2-­‐chloromethyl-­‐1,3,6-­‐trioxocane	  
Diethylenglycol	   (9.58	   mL,	   101	   mmol),	   chloracetaldehyde	   dimethyl	   acetal	  
(11.6	  mL,	  101	  mmol)	  and	  p-­‐toluenesulfonic	  acid	  (50	  mg,	  0.29	  mmol)	  were	  dissolved	  
in	  1,4-­‐dimethylbenzene	  (12.5	  mL)	  and	  the	  flask	  was	  equipped	  with	  a	  short	  column	  
(10	  cm)	  and	  a	  collecting	  flask	  for	  the	  generated	  methanol.	  The	  mixture	  was	  heated	  
to	   135	   °C	   and	   stirred	   for	   24	   hours	   until	   no	   more	   methanol	   was	   collected.	   After	  
cooling	  to	  room	  temperature,	  the	  crude	  product	  was	  purified	  by	  distillation	  (6	  mbar,	  
80	  °C)	  to	  give	  14.6	  g	  (87%)	  of	  the	  title	  compound	  as	  colorless	  solid.	  –	  1H-­‐NMR	  (500	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MHz,	  CDCl3):	  4.78	  (t,	  J	  =	  5.4	  Hz,	  1H,	  OCH),	  4.02–3.93	  (m,	  4H,	  OCH2),	  3.80–3.62	  (m,	  4H,	  
OCH2),	  3.47	  (d,	  J	  =	  5.4	  Hz,	  2H,	  CH2Cl)	  ppm.	  
Synthesis	  of	  2-­‐methylene-­‐1,3,6-­‐trioxocane	  
Under	  argon,	  2-­‐chloromethyl-­‐1,3,6-­‐trioxocane	  (12.3	  g,	  73.8	  mmol)	  and	  KOtBu	  
(9.11	  g,	  81.2	  mmol)	  were	  dissolved	  in	  tetrahydrofuran	  (70	  mL)	  and	  the	  mixture	  was	  
heated	  to	  50	  °C.	  After	  72	  hours	  the	  suspension	  was	  cooled	  to	  room	  temperature	  and	  
the	  solvent	  was	  removed	  under	  reduced	  pressure.	  Next,	  diethyl	  ether	  (200	  mL)	  was	  
added	  and	  the	  solid	  was	  filtered	  off.	  The	  organic	  phase	  was	  dried	  over	  magnesium	  
sulfate,	   then	   the	   solvent	   was	   removed	   under	   reduced	   pressure	   and	   the	   crude	  
product	  was	  purified	  by	  distillation	  (61	  mbar,	  85	  °C)	  to	  give	  3.10	  g	  (32%)	  of	  the	  title	  
compound	  as	  colorless	  liquid.	  –	  1H-­‐NMR	  (500	  MHz,	  CDCl3):	  4.08–4.06	  (m,	  4H,	  OCH2),	  
3.79–3.77	  (m,	  4H,	  OCH2),	  3.68	  (s,	  2H,	  CH2)	  ppm.	  	  
	  
4.2.2	  CVD	  Copolymerization	  of	  [2.2]Paracyclophanes	  and	  Cyclic	  Ketene	  Acetals	  
[2.2]paracyclophane	  was	  sublimated	  at	  80	  °C	  in	  vacuum	  (0.07	  Torr),	  carried	  
by	  20	  sccm	  argon	  gas	  through	  the	  510	  °C	  pyrolysis	  zone	  and	  deposited	  on	  the	  cooled	  
substrates	  (15	  °C)	  in	  the	  deposition	  chamber.	  The	  ketene	  acetal	  can	  be	  fed	  together	  
with	  the	  paracyclophanes	  or	  directly	  into	  the	  deposition	  chamber	  and	  controlled	  by	  
a	  needle	  valve.	  The	  deposition	  rate	  was	  monitored	  by	  an	  INFICON	  thin	  film	  
deposition	  Quartz	  Crystal	  Microbalance	  (QCM)	  monitor.	  The	  diradicals	  generated	  
from	  paracyclophane	  pyrolysis	  deposited	  together	  with	  the	  ketene	  acetals	  on	  the	  
substrates	  forming	  copolymer	  as	  shown	  in	  Figure	  4.1.	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4.2.3	  Surface	  Characterization	  and	  Degradation	  Progress	  Tracking	  
Fourier	  transform	  infrared	  spectroscopy	  (FTIR)	  and	  ellipsometry	  were	  used	  
to	  monitor	  the	  film	  degradation	  process.	  FTIR	  spectra	  of	  the	  CVD	  polymer	  films	  
were	  recorded	  on	  a	  Nicolet	  6700	  spectrometer	  with	  the	  grazing	  angle	  accessory	  
(Smart	  SAGA)	  with	  a	  80°	  fixed	  angle	  of	  incidence.	  Thicknesses	  were	  measured	  on	  
gold	  coated	  silicon	  substrates	  by	  Imaging	  Spectroscopic	  Ellipsometer	  (Accurion,	  
Nanofilm	  EP³-­‐SE).	  Ellipsometric	  parameters	  were	  fitted	  using	  Cauchy	  model.	  
4.2.4	  Degradation	  Condition	  
The	  CVD	  film	  deposited	  on	  gold	  coated	  silicon	  substrates	  were	  used	  in	  the	  
degradation	  experiments	  so	  that	  the	  FTIR	  and	  ellipsometry	  can	  be	  used	  to	  
conveniently	  check	  the	  degradation	  progress.	  To	  speed	  up	  the	  degradation	  process,	  
5mM	  KOH	  isopropanol	  solution	  was	  used.	  0.1	  M	  NaHCO3	  aqueous	  solution	  was	  also	  
used	  as	  a	  more	  mild	  condition	  in	  some	  experiments.	  
	  
	  
4.3	  Results	  and	  Discussion	  
We	  have	  successfully	  copolymerized	  the	  [2.2]paracyclophane	  and	  5,6-­‐benzo-­‐
2-­‐methylene-­‐1,3-­‐dioepane	  (BMDO)	  (Figure	  4.5)	  and	  totally	  degraded	  the	  copolymer	  
in	  5mM	  KOH	  in	  isopropanol	  within	  12	  days	  as	  shown	  in	  the	  FTIR	  (Figure	  4.6)	  and	  
ellipsometry	  (Figure	  4.7)	  measurements.	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Figure	  4.5	  Copolymerization	  of	  [2.2]paracyclophane	  and	  5,6-­‐benzo-­‐2-­‐methylene-­‐
1,3-­‐dioepane.	  The	  degrading	  copolymer	  shown	  in	  Figure	  4.6	  and	  Figure	  4.7	  had	  an	  
initial	  feeding	  ratio	  of	  [2.2]paracyclophane	  :	  5,6-­‐benzo-­‐2-­‐methylene-­‐1,3-­‐dioepane	  =	  





Figure	  4.6	  FTIR	  spectra	  for	  the	  degradation	  process	  of	  the	  [2.2]paracyclophane	  and	  
5,6-­‐benzo-­‐2-­‐methylene-­‐1,3-­‐dioepane	  copolymer	  in	  5mM	  KOH	  isopropanol	  solution.	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Figure	  4.7	  Thickness	  change	  measured	  by	  ellipsometry	  during	  the	  degradation	  
process	  of	  the	  [2.2]paracyclophane	  and	  5,6-­‐benzo-­‐2-­‐methylene-­‐1,3-­‐dioepane	  




The	  IR	  spectra	  in	  Figure	  4.6	  shows	  that	  the	  CVD	  polymer	  film	  was	  indeed	  the	  
target	  copolymer	  structure	  shown	  in	  Figure	  4.5.	  The	  IR	  spectrum	  of	  the	  as-­‐
deposited	  film	  (spectrum	  for	  Day	  0)	  shows	  the	  characteristic	  peaks	  from	  both	  the	  
poly-­‐p-­‐xylene	  block	  (823,	  1513,	  2856,	  3006,	  3048	  cm-­‐1)	  and	  the	  ester	  group	  (1784,	  
1168,	  1020	  cm-­‐1)	  from	  the	  cyclic	  ketene	  acetal	  ring	  opening.	  According	  to	  the	  
literature,6b	  5,6-­‐benzo-­‐2-­‐methylene-­‐1,3-­‐dioepane	  (BMDO)	  can	  generate	  ring-­‐opened	  
radicals	  with	  increased	  stability	  and	  the	  increase	  in	  steric	  hindrance	  to	  direct	  non-­‐
ring-­‐opened	  can	  promote	  the	  extent	  of	  free-­‐radical	  ring-­‐opening.	  BMDO	  has	  been	  
successfully	  copolymerized	  with	  styrene,9	  methyl	  methacrylate,10	  N-­‐
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isopropylacrylamide,11	  2-­‐(2-­‐methoxyethoxy)ethyl	  methacrylate	  (MEO2MA)	  and	  
oligo(ethylene	  glycol)	  methacrylate	  (OEGMA)	  with	  quantitative	  radical	  ring-­‐
opening.12	  The	  CVD	  generated	  copolymer	  was	  intact	  after	  common	  organic	  solvents	  
wash	  such	  as	  acetone	  and	  chloroform,	  indicating	  the	  copolymer	  has	  relatively	  high	  
molecular	  weight.	  There	  was	  no	  change	  to	  the	  polymer	  film	  after	  the	  scotch	  tape	  
adhesion	  test,	  showing	  good	  adhesion	  on	  the	  gold-­‐coated	  silicon	  substrates.8	  
	  In	  5mM	  KOH	  isopropanol	  solution,	  the	  IR	  peak	  (1784	  cm-­‐1)	  for	  ester	  groups	  
diminished	  gradually	  over	  time	  along	  with	  all	  other	  peaks,	  indicating	  that	  the	  
polymer	  was	  indeed	  degrading.	  A	  small	  peak	  for	  the	  carboxylic	  acid	  group	  at	  1708	  
cm-­‐1	  appeared	  during	  the	  degradation	  process.	  This	  demonstrates	  that	  the	  
degradation	  mechanism	  is	  hydrolysis	  of	  the	  ester	  groups.	  The	  thickness	  changes	  in	  
Figure	  4.7	  further	  confirmed	  the	  degradation,	  showing	  that	  the	  film	  thickness	  
decreased	  gradually	  overtime	  from	  84	  nm	  on	  Day	  0	  to	  zero	  on	  Day	  12.	  Both	  IR	  and	  
ellipsometry	  data	  demonstrates	  that	  the	  successfully	  synthesized	  CVD	  copolymer	  
film	  can	  be	  completely	  degraded	  and	  it	  appears	  to	  be	  a	  surface	  erosion	  process.13	  
Compared	  to	  bulk	  erosion,	  surface	  erosion	  is	  more	  difficult	  to	  achieve	  but	  desirable	  
and	  essential	  in	  some	  biomedical	  applications	  such	  as	  drug	  delivery.13	  
So	  far,	  the	  degradable	  polymer	  we	  synthesized	  can	  be	  totally	  degraded	  in	  
5mM	  KOH	  isopropanol	  solution	  but	  is	  not	  yet	  100%	  degradable	  under	  mild	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4.4	  Conclusion	  and	  Future	  work	  
Although	  not	  being	  able	  to	  totally	  degrade	  the	  polymer	  in	  mild	  aqueous	  
solution	  yet,	  the	  results	  we	  collected	  to	  date	  have	  demonstrated	  that	  the	  cyclic	  
ketene	  acetal	  ring-­‐opening	  polymerization	  mechanism	  can	  be	  successfully	  used	  in	  
the	  CVD	  polymerization	  process.	  The	  resulted	  degradable	  polymer	  films	  with	  ester	  
groups	  in	  the	  polymer	  backbone	  can	  be	  completely	  degraded.	  
In	  the	  future,	  we	  need	  to	  improve	  the	  CVD	  process	  control	  to	  synthesize	  a	  
polymer	  that	  can	  be	  completely	  degraded	  in	  aqueous	  solutions	  with	  a	  relatively	  mild	  
pH.	  Enzyme	  degradation	  such	  as	  lipase	  degradation	  of	  the	  polymer	  can	  also	  be	  
tested.14	  Possible	  methods	  to	  achieve	  complete	  degradation	  under	  mild	  conditions	  
include	  improving	  the	  polymer	  film	  hydrophilicity	  and	  lowering	  the	  polymer	  glass	  
transition	  temperature.	  Lots	  of	  factors	  during	  the	  polymer	  synthesis	  could	  affect	  the	  
final	  polymer	  structure	  and	  degradation	  rate	  such	  as	  CVD	  deposition	  rate	  and	  
reaction	  temperature.15	  If	  the	  deposited	  film	  does	  not	  have	  the	  predicted	  polymer	  
structure,	  then	  side	  reactions	  need	  to	  be	  taken	  into	  account.	  Possible	  side	  reactions	  
include	  new	  cyclization	  and	  polymer	  propagation	  without	  the	  ring-­‐opening.6b,	  15	  In	  
the	  future,	  functionalized	  [2.2]paracyclophanes	  can	  be	  introduced	  into	  the	  
copolymerization,	  not	  only	  for	  introducing	  the	  functional	  groups	  to	  anchor	  
biomolecules,	  but	  also	  for	  changing	  the	  polymer	  properties	  such	  as	  hydrophilicity.	  
Other	  cyclic	  ketene	  acetal	  molecules	  may	  be	  better	  for	  degradation	  than	  the	  5,6-­‐
benzo-­‐2-­‐methylene-­‐1,3-­‐dioepane	  we	  tried	  in	  this	  study.	  It	  is	  also	  worth	  noting	  that	  
thicker	  film	  deposition	  can	  help	  with	  a	  lot	  of	  the	  analysis	  of	  the	  degradable	  polymers	  
such	  as	  molecular	  weight,	  polydispersities,	  thermal	  analysis,	  degradation	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products/fragments	  analysis.	  Last	  but	  not	  least,	  extensive	  biocompatibility	  tests	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CHAPTER	  5	  	  
Applications	  of	  CVD	  Polymer	  Coatings	  on	  Complex	  Structures	  and	  
Integrated	  Devices	  
	  
Substrate	  independence	  is	  a	  prominent	  feature	  of	  the	  CVD	  polymerization	  
coating	  process.1	  We	  have	  previously	  used	  it	  for	  many	  applications	  such	  as	  flat	  
surface2	  or	  3D	  surface	  micro-­‐patterning,3	  nano-­‐patterning4	  and	  cell	  culture	  scaffold	  
coating.5	  This	  chapter	  includes	  two	  new	  applications,	  one	  in	  carbon	  
nanotube/polymer	  nanocomposite6	  and	  one	  in	  ultrasmall	  implantable	  composite	  
microelectrodes.7	  These	  two	  applications	  demonstrate	  the	  use	  of	  functional	  PPXs	  
coatings	  in	  integrated	  systems,	  showing	  their	  effects	  not	  only	  on	  surface	  chemistries	  
but	  also	  on	  mechanical	  and	  electrical	  properties	  of	  the	  integrated	  systems.	  Due	  to	  
the	  higher	  cost	  of	  the	  CVD	  process	  compared	  to	  other	  coating	  methods	  such	  
spraying,	  spin	  coating	  and	  dip	  coating,8	  it	  is	  especially	  suitable	  for	  micro-­‐	  and	  nano-­‐	  
devices	  which	  require	  precision	  production.	  This	  is	  an	  important	  reason	  to	  
emphasize	  “easy	  integration	  with	  micro-­‐	  and	  nano-­‐fabrications”	  in	  Chapter	  1.	  More	  
integration	  studies	  of	  the	  functionalized	  PPXs	  in	  micro-­‐	  and	  nano-­‐	  devices	  should	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5.1	  Nanocomposite	  Microstructures	  with	  Tunable	  Mechanical	  and	  Chemical	  
Properties	  
This	  chapter	  section	  has	  been	  adapted	  from	  of	  the	  following	  published	  
articles	  with	  minor	  modifications:	  
S.	  Tawfick,	  X.	  Deng,	  A.	  J.	  Hart,	  J.	  Lahann.	  Nanocomposite	  microstructures	  with	  
tunable	  mechanical	  and	  chemical	  properties.	  Physical	  Chemistry	  Chemical	  Physics.	  




Note:	  For	  the	  study	  reported	  in	  this	  chapter	  section,	  Dr.	  S.	  Tawfick	  and	  Prof.	  A.	  J.	  
Hart	  carried	  out	  the	  carbon	  nanotube	  growth,	  SEM	  imaging,	  mechanical	  test	  and	  
analysis.	  X.	  Deng	  and	  Prof.	  J.	  Lahann	  performed	  the	  CVD	  polymer	  coating,	  surface	  
characterizations	  (IR,	  XPS,	  ellipsometry),	  fluorescence	  imaging	  and	  analysis.	  All	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5.1.1	  Introduction	  
Carbon	  nanotubes	  (CNTs)	  are	  under	  investigation	  for	  myriad	  applications	  
including	  reinforced	  composite	  materials,	  transparent	  conductors,	  microelectronic	  
interconnections,	  battery	  and	  fuel	  cell	  electrodes,	  artificial	  muscles,	  and	  filtration	  
membranes.9	  The	  enthusiasm	  surrounding	  CNTs	  is	  motivated	  by	  their	  outstanding	  
mechanical,	  electrical,	  thermal,	  chemical,	  and	  optical	  properties.10	  Specifically,	  
individual	  CNTs	  have	  stiffness	  and	  strength	  exceeding	  steel,	  and	  exhibit	  high	  strains	  
to	  failure	  along	  with	  fully	  recoverable	  buckling	  behavior.11	  Furthermore,	  CNTs	  can	  
be	  chemically	  modified	  by	  a	  diverse	  set	  of	  covalent	  and	  non-­‐covalent	  methods,	  
which,	  in	  turn,	  facilitates	  controlled	  attachment	  of	  polymers	  and	  biomolecules	  to	  
their	  surfaces,	  as	  well	  as	  manipulation	  of	  their	  electronic	  structure.12	  The	  unique	  
combination	  of	  mechanical	  and	  chemical	  properties	  makes	  CNTs	  particularly	  
attractive	  building	  blocks	  for	  new	  materials	  for	  biomedical	  applications	  including	  
neural	  recording	  electrodes,13	  catheters,14	  biochemical	  sensors,15	  dry	  adhesives,16	  
and	  hierarchically	  textured	  coatings.17	  
When	  CNTs	  are	  grown	  on	  a	  substrate	  by	  chemical	  vapor	  deposition	  (CVD),	  
they	  can	  form	  vertically	  aligned	  ‘‘forests’’	  that	  exhibit	  anisotropic	  properties	  due	  to	  
the	  preferential	  orientation	  of	  the	  CNTs,	  which	  is	  typically	  perpendicular	  to	  the	  
substrate.18	  Many	  recent	  studies	  have	  demonstrated	  that	  CNT	  forests	  can	  be	  grown	  
over	  large	  areas	  on	  substrates	  including	  silicon	  wafers,19	  metal	  foils,20	  and	  advanced	  
fibers.21	  Importantly,	  the	  diameter	  and	  areal	  density	  of	  CNTs	  within	  a	  forest	  can	  be	  
tuned	  according	  to	  the	  preparation	  and/or	  pre-­‐treatment	  of	  the	  catalyst,22	  which	  
controls	  the	  mechanical	  properties	  and	  effective	  surface	  area	  of	  the	  forest.23	  Thus,	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nanoscale	  control	  parameters	  can	  be	  combined	  with	  processing	  techniques	  
including	  patterning	  of	  the	  catalyst,	  mechanical	  rolling,24	  solvent	  annealing,25	  and	  
etching.	  These	  technologies	  have	  created	  diverse	  geometries	  of	  CNTs	  having	  
controlled	  orientation	  and	  placement	  over	  large	  areas.	  
In	  principle,	  the	  introduction	  of	  additional	  materials	  in	  the	  void	  space	  
between	  CNTs	  can	  result	  in	  mechanical	  stabilization	  and	  allows	  for	  further	  tuning	  of	  
the	  CNT	  forest	  properties.	  However,	  only	  a	  few	  methods	  have	  been	  used	  to	  create	  
such	  CNT	  composite	  structures	  so	  far.	  These	  methods	  are	  polymer	  infiltration	  due	  
to	  capillary	  effects23,	  26	  and	  vapor-­‐based	  deposition	  processes.17,	  27	  While	  these	  
methods	  have	  been	  successful	  in	  altering	  the	  mechanical	  properties	  of	  CNT	  forests,	  
they	  typically	  fall	  short	  in	  providing	  simple	  tunability	  of	  mechanical	  stiffness,	  and	  do	  
not	  provide	  chemical	  groups	  for	  subsequent	  surface	  modification.	  The	  latter,	  
however,	  is	  vital	  to	  tailoring	  the	  functionality	  of	  the	  CNT	  structures	  for	  biological,	  
chemical,	  and	  electrical	  transduction.	  	  
We	  have	  previously	  developed	  a	  CVD	  polymerization	  technology	  that	  allows	  
for	  deposition	  of	  a	  wide	  range	  of	  different	  reactive	  coatings,28	  both	  on	  simple29	  and	  
complex	  substrates.3,	  30	  These	  reactive	  coatings	  share	  the	  same	  polymer	  main	  chain,	  
poly-­‐p-­‐xylylene,	  but	  differ	  in	  the	  nature	  of	  their	  substituents,	  which	  can	  be	  
presented	  on	  aromatic28	  or	  aliphatic31	  parts	  of	  the	  polymer.	  In	  the	  past,	  these	  
reactive	  coatings	  have	  been	  instrumental	  in	  immobilizing	  a	  number	  of	  different	  
entities	  including	  proteins,32	  peptides,33	  DNA,34	  and	  quantum	  dots.35	  Furthermore,	  
the	  fundamental	  ability	  of	  reactive	  coatings	  to	  penetrate	  micro-­‐	  and	  nanoscale	  
structures	  has	  been	  previously	  established.36	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Here,	  we	  report	  on	  a	  novel	  process	  (Figure	  5.1)	  that	  comprises:	  (i)	  spatially	  
controlled	  CVD	  of	  CNT	  forests;	  and	  (ii)	  reinforcement	  and	  functionalization	  using	  
poly[4-­‐trifluoroacetyl-­‐p-­‐xylylene-­‐co-­‐p-­‐xylylene]	  made	  via	  CVD	  polymerization.	  This	  
simple	  process	  enables	  preparation	  of	  a	  wide	  range	  of	  complex	  CNT/polymer	  
microstructures	  with	  multi-­‐scale	  texture,	  tunable	  mechanical	  properties	  and	  innate	  
chemical	  reactivity.	  
	  
Figure	  5.1	  Two-­‐stage	  CVD	  process	  for	  synthesis	  of	  functionalized	  polymer-­‐coated	  
CNT	  microstructure	  arrays.	  
	  
	  
5.1.2	  Experimental	  Section	  
CNT	  Growth	  (Sameh	  Tawfick)	  
CNT	  forest	  microstructures	  are	  grown	  on	  thermally-­‐oxidized	  (100)	  silicon	  
wafers,	  on	  which	  a	  supported	  catalyst	  layer	  of	  1/10	  nm	  Fe/Al2O3	  is	  deposited	  by	  e-­‐
beam	  evaporation,	  as	  described	  in	  a	  previous	  publication.37	  The	  catalyst	  layer	  is	  
patterned	  to	  specify	  the	  cross-­‐sectional	  shapes	  of	  the	  microstructures.	  Catalyst	  
patterning	  is	  achieved	  by	  photolithography	  (SPR	  220	  photoresist)	  prior	  to	  catalyst	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deposition	  and	  lift-­‐off	  (by	  ultrasonic	  agitation	  in	  acetone)	  after	  catalyst	  deposition.	  
After	  catalyst	  patterning,	  CNT	  growth	  is	  performed	  in	  a	  horizontal	  tube	  furnace	  (22	  
mm	  inner	  diameter,	  300	  mm	  heated	  length)	  at	  atmospheric	  pressure	  with	  flows	  of	  
100/100/400	  sccm	  C2H4/H2/He,	  at	  775	  °C.	  During	  the	  initial	  stage	  of	  growth,	  the	  
CNTs	  crowd	  and	  self-­‐align	  perpendicular	  to	  the	  substrate,	  and	  then	  continue	  
growing	  perpendicular	  to	  the	  substrate.	  The	  initial	  growth	  rate	  is	  typically	  
approximately	  100	  μm	  min-­‐1,	  and	  the	  growth	  time	  is	  accordingly	  chosen	  to	  give	  the	  
desired	  forest	  height.	  
CVD	  Polymer	  Coating	  
The	  starting	  material	  4-­‐trifluoroacetyl[2.2]paracyclophane	  was	  synthesized	  
via	  Friedel–Crafts	  acylation	  of	  [2.2]paracyclophane.38	  A	  pressure	  of	  0.07	  Torr	  and	  
temperatures	  of	  90–100	  °C	  were	  employed	  for	  the	  sublimation	  of	  the	  starting	  
material.	  Then	  the	  starting	  material	  was	  transferred	  in	  a	  stream	  of	  argon	  carrier	  gas	  
(20	  sccm)	  to	  the	  pyrolysis	  zone	  (670	  °C).38	  Following	  pyrolysis,	  the	  diradicals	  were	  
transferred	  into	  the	  deposition	  chamber,	  where	  polymerization	  occurred.38	  While	  
the	  wall	  temperature	  was	  adjusted	  to	  120	  °C,	  the	  substrates	  were	  cooled	  to	  15	  °C	  to	  
optimize	  the	  deposition	  onto	  the	  substrate	  and	  the	  deposition	  rate	  was	  controlled	  at	  
a	  constant	  rate	  0.05	  nm	  s-­‐1.	  Rotation	  of	  the	  sample	  holder	  ensured	  uniform	  film	  
deposition.	  
Surface	  Characterization	  
XPS	  data	  were	  recorded	  on	  an	  Axis	  Ultra	  X-­‐ray	  photoelectron	  spectrometer	  
(Kratos	  Analyticals,	  UK)	  equipped	  with	  a	  monochromatized	  Al	  Ka	  X-­‐ray	  source.	  All	  
spectra	  were	  calibrated	  with	  respect	  to	  the	  non-­‐functionalized	  aliphatic	  carbon	  with	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a	  binding	  energy	  of	  285.0	  eV.	  Theoretical	  values	  were	  caluclated	  based	  on	  the	  
structure	  of	  the	  starting	  material	  4-­‐trifluoroacetyl[2.2]paracyclophane.	  IR	  
spectroscopy	  was	  performed	  on	  a	  Nicolet	  6700	  spectrometer	  utilizing	  the	  grazing	  
angle	  accessory	  (Smart	  SAGA)	  at	  a	  grazing	  angle	  of	  80°.	  
Thicknesses	  were	  measured	  at	  a	  wavelength	  of	  532	  nm	  using	  an	  EP3-­‐SW	  
ellipsometry	  (Nanofilm	  Technologie	  GmbH,	  Germany).	  For	  calibration,	  nulling	  
experiments	  were	  conducted	  on	  CVD	  polymer	  coated	  silicon	  substrates	  at	  an	  
incident	  angle	  of	  70°,	  and	  a	  constant-­‐n	  (refractive	  index)	  and	  -­‐k	  (extinction	  
coefficient)	  value	  model	  was	  used	  to	  model	  the	  ellipsometric	  parameters	  Ψ	  and	  δ.	  
Surface	  Functionalization	  
Fluorescein-­‐5-­‐thiosemicarbazide	  solution	  (10	  mM	  in	  ethanol–	  water	  1	  :	  1	  
mixture)	  was	  allowed	  to	  react	  with	  the	  trifluoroacetyl	  groups	  of	  the	  reactive	  coating	  
deposited	  on	  the	  CNT	  structures.	  
Mechanical	  Testing	  (Sameh	  Tawfick)	  
Mechanical	  testing	  of	  the	  CNT	  forest	  microstructures	  was	  performed	  using	  a	  
custom-­‐built	  microcompression	  tester,	  with	  computer	  control	  of	  displacement	  and	  
automated	  measurement	  of	  force.	  The	  structures	  were	  contacted	  using	  a	  stainless	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5.1.3	  Results	  and	  Discussion	  
Prior	  to	  deposition	  of	  the	  reactive	  coating	  poly[4-­‐trifluoroacetyl-­‐p-­‐xylylene-­‐
co-­‐p-­‐xylylene]	  on	  CNT	  structures,	  a	  library	  of	  CNT	  test	  structures	  was	  grown	  from	  
lithographically	  patterned	  catalyst	  film	  (Figure	  5.2).	  Following	  a	  previously	  
established	  photolithographic	  technique,	  a	  thin	  film	  of	  1/10	  nm	  Fe/Al2O3	  was	  
patterned	  on	  silicon	  wafers,	  and	  vertically	  aligned	  CNTs	  were	  grown	  in	  a	  
C2H4/H2/He	  atmosphere	  at	  775	  °C.	  After	  the	  CNT	  structures	  were	  created,	  the	  
structures	  were	  then	  modified	  via	  CVD	  polymerization.	  For	  a	  proof-­‐of-­‐concept,	  we	  
selected	  poly[4-­‐trifluoroacetyl-­‐p-­‐xylylene-­‐co-­‐p-­‐xylylene]	  as	  the	  reactive	  coating	  
because	  of	  its	  documented	  reactivity	  towards	  hydrazides	  and	  hydrazines.	  The	  
process	  could	  be	  similarly	  applied	  to	  reactive	  coatings	  with	  other	  functional	  groups,	  
such	  as	  active	  esters,	  anhydrides,	  amines,	  acetylene,	  or	  tertiary	  bromides.28	  Polymer	  
deposition	  followed	  a	  modified	  Gorham	  process	  (Figure	  5.1),39	  where	  4-­‐
trifluoroacetyl[2.2]paracyclophane	  was	  sublimated	  at	  a	  temperature	  of	  90–100	  °C	  
and	  a	  pressure	  of	  0.07	  Torr.	  Subsequent	  cleavage	  of	  the	  C–C	  bonds	  of	  the	  bridge	  at	  
670	  °C	  resulted	  in	  two	  different	  quinodimethanes	  (monomers).	  Next,	  the	  reactive	  
species	  were	  allowed	  to	  enter	  the	  deposition	  chamber,	  where	  they	  spontaneously	  
deposited	  on	  the	  CNT	  structures.	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Figure	  5.2	  SEM	  images	  of	  polymer-­‐coated	  CNT	  microstructures,	  demonstrating	  
diversity	  of	  shapes	  and	  heterogeneous	  in-­‐plane	  scales	  obtained	  through	  parallel	  
processing	  of	  CNTs.	  
	  
	  
Figure	  5.2	  shows	  SEM	  images	  of	  a	  variety	  of	  CNT	  structures	  after	  deposition	  
of	  the	  reactive	  coating.	  The	  approximate	  thickness	  of	  the	  polymer	  coating	  in	  this	  
case	  is	  19	  nm,	  and	  the	  polymer	  deposition	  does	  not	  alter	  the	  initial	  topology	  of	  the	  
CNT	  structures.	  Depending	  on	  the	  deposition	  time,	  the	  polymer	  thickness	  varied	  
between	  0	  and	  100	  nm,	  as	  determined	  by	  ellipsometry	  on	  Si	  coupons	  placed	  next	  to	  
the	  CNT	  structures.	  In	  fact,	  deposition	  time	  is	  an	  excellent	  control	  parameter	  for	  the	  
integration	  of	  polymer	  into	  the	  composite	  structure.	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Figure	  5.3	  SEM	  images	  of	  the	  sidewalls	  of	  the	  CNT	  microstructures;	  (a)	  after	  CNT	  
growth,	  without	  polymer;	  (b)	  after	  10	  min	  CVD	  polymerization	  (10	  nm	  thickness);	  
(c)	  after	  20	  min	  CVD	  polymerization	  (19	  nm	  thickness);	  (d)	  after	  30	  min	  CVD	  
polymerization	  (27	  nm	  thickness).	  The	  images	  show	  that	  poly[4-­‐trifluoroacetyl-­‐p-­‐
xylylene-­‐co-­‐p-­‐xylylene]	  conformally	  coats	  the	  CNTs	  and	  increases	  their	  effective	  
diameter,	  with	  thicker	  polymers	  at	  longer	  deposition	  times.	  The	  magnified	  images	  




Figure	  5.3	  compares	  an	  uncoated	  CNT	  forest	  (a),	  with	  composite	  structures	  
(b–d)	  obtained	  after	  CVD	  polymerization	  for	  10,	  20	  and	  30	  min,	  respectively.	  Based	  
on	  the	  SEM	  images,	  the	  respective	  polymer	  thicknesses	  were	  estimated	  to	  be	  10,	  19,	  
and	  27	  nm.	  These	  figures	  also	  show	  that	  the	  polymer	  has	  a	  close	  to	  perfect	  
conformity	  on	  the	  individual	  CNTs	  and	  CNT	  bundles	  within	  the	  forest.	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Figure	  5.4	  Chemical	  analysis	  of	  reactive	  coating	  deposited	  on	  CNTs;	  (a)	  FTIR	  
spectrum	  of	  poly[4-­‐trifluoroacetyl-­‐p-­‐xylylene-­‐co-­‐p-­‐xylylene];	  (b)	  chemical	  
composition	  of	  the	  polymer-­‐coated	  CNTs	  determined	  by	  XPS.	  	  
	  
The	  chemical	  composition	  of	  poly[4-­‐trifluoroacetyl-­‐p-­‐xylylene-­‐co-­‐p-­‐xylylene]	  
deposited	  onto	  the	  CNT	  structures	  was	  confirmed	  by	  grazing	  angle	  Fourier	  
transform	  infrared	  (FTIR)	  spectroscopy	  to	  be	  in	  accordance	  with	  published	  data.40	  
Specifically,	  the	  polymer	  coatings	  showed	  characteristic	  bands	  of	  the	  C–F	  stretches	  
from	  1230	  cm-­‐1	  to	  1155	  cm-­‐1	  (Figure	  5.4a).41	  In	  addition,	  X-­‐ray	  photoelectron	  
spectroscopy	  (XPS)	  was	  used	  to	  confirm	  the	  elemental	  composition	  of	  poly[4-­‐
trifluoroacetyl-­‐p-­‐xylylene-­‐co-­‐p-­‐xylylene]	  after	  deposition	  onto	  CNT	  structures	  
(Figure	  5.4b).	  The	  theoretical	  values,	  calculated	  based	  on	  the	  chemical	  structure	  of	  
the	  4-­‐trifluoroacetyl[2.2]paracyclophane,	  were	  in	  excellent	  agreement	  with	  the	  
experimental	  findings	  and	  confirmed	  the	  presence	  of	  the	  reactive	  coating	  on	  the	  
CNT	  structures.	  In	  the	  light	  of	  previous	  studies	  that	  established	  a	  good	  agreement	  
between	  surface	  composition	  obtained	  by	  XPS	  and	  bulk	  composition	  obtained	  by	  
elemental	  analysis,38	  we	  decided	  to	  continue	  our	  investigations	  into	  the	  mechanical	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Figure	  5.5	  Tuning	  of	  the	  mechanical	  properties	  of	  the	  polymer–CNT	  
microstructures:	  (a)	  schematic	  of	  test	  configuration;	  (b)	  SEM	  image	  of	  
representative	  microstructure	  array	  used	  for	  mechanical	  testing;	  (c)	  load–
displacement	  curves,	  corresponding	  to	  data	  in	  Table	  5.1;	  (d)	  schematic	  of	  effective	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Table	  5.1	  Summary	  of	  measurements	  of	  polymer-­‐coated	  CNT	  microstructures,	  




Deposition	  of	  poly[4-­‐trifluoroacetyl-­‐p-­‐xylylene-­‐co-­‐p-­‐xylylene]	  within	  CNT	  
forests	  also	  facilitates	  tuning	  of	  the	  mechanical	  properties	  of	  the	  complex	  
nanocomposite	  microstructures.	  Specifically,	  we	  wanted	  to	  confirm	  that	  the	  Young’s	  
modulus	  of	  the	  structures,	  determined	  by	  compression	  testing,	  could	  be	  designed	  by	  
selecting	  the	  thickness	  of	  the	  polymer	  layer.	  Figure	  5.5	  presents	  the	  measurement	  
configuration	  and	  results	  of	  microcompression	  tests	  of	  arrays	  of	  bare	  CNT	  pillars,	  
along	  with	  arrays	  coated	  for	  10,	  20,	  and	  30	  min.	  For	  each	  sample,	  the	  elastic	  
modulus	  of	  the	  pillars	  (Ef)	  is	  calculated	  from	  the	  slope	  of	  the	  unloading	  curve,	  after	  
loading	  to	  the	  sample	  to	  a	  strain	  ≈	  35%.	  As	  expected,	  polymer	  coating	  increases	  the	  
modulus	  of	  the	  structures,	  and	  we	  can	  understand	  the	  mechanism	  of	  mechanical	  
reinforcement	  using	  a	  simple	  mechanical	  model.	  
It	  has	  been	  verified	  that	  elastic	  deformation	  of	  CNTs	  can	  be	  modeled	  using	  
continuum	  mechanics.11,	  42	  Thus,	  a	  CNT	  can	  be	  approximated	  as	  a	  hollow	  circular	  
beam	  having	  flexural	  rigidity	  EI,	  where	  I	  is	  the	  moment	  of	  inertia	  of	  its	  cross-­‐section.	  



















0	   0	   9	   36	   0.900	   6.18	  ×	  106	  
10	   38	   28	   64.5	   0.918	   1.09	  ×	  107	  
20	   70	   47	   73.1	   1.04	   1.08	  ×	  107	  
30	   100	   63	   80.15	   1.36	   9.09	  ×	  106	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Then,	  after	  polymer	  coating,	  each	  CNT	  is	  a	  core–shell	  composite	  beam,	  having	  the	  
following	  rigidity:	  
EI( )c = EI( )CNT + EI( )polymer 	   	   (1)	  
However,	  because	  of	  the	  entanglement	  of	  individual	  CNTs	  and	  the	  interaction	  
among	  them	  within	  a	  forest,	  estimation	  of	  the	  elastic	  modulus	  of	  forests	  from	  the	  
known	  modulus	  and	  dimensions	  of	  individual	  CNTs	  (i.e.,	  the	  CNT’s	  inner	  diameter,	  
outer	  diameter	  and	  length)	  remains	  a	  challenge.	  For	  example,	  while	  the	  mechanical	  
properties	  of	  CNT	  forests	  have	  been	  studied	  by	  means	  of	  cyclic	  compression	  tests;	  
and	  the	  elastic	  modulus	  was	  determined,	  only	  the	  critical	  buckling	  stress	  could	  be	  
theoretically	  predicted.43	  
Thus,	  we	  must	  consider	  how	  the	  mechanical	  behavior	  of	  the	  composite	  
material	  depends	  both	  on	  the	  characteristics	  of	  the	  individual	  CNTs	  and	  their	  
coupling.	  Due	  to	  their	  high	  aspect	  ratio	  and	  their	  tortuosity	  within	  the	  forest,	  
individual	  CNTs	  are	  mostly	  subject	  to	  bending,	  when	  the	  forest	  is	  compressed.	  
Consequently,	  the	  flexural	  rigidity	  of	  the	  individual	  CNTs	  dominates	  the	  collective	  
stiffness	  of	  a	  CNT	  forest.	  The	  flexural	  rigidity	  is	  equal	  to	  EI,	  where	  E	  is	  the	  elastic	  
modulus	  of	  the	  CNT,	  and	  I	  is	  the	  second	  moment	  of	  area	  of	  the	  CNT	  cross-­‐section.	  
Thus,	  the	  film	  stiffness	  (kf)	  can	  be	  related	  to	  the	  elastic	  modulus	  of	  the	  forest	  (Ef)	  





= c EI( )c 	   	   (2)	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c = nλ
mLc
3 	   	   (3)	  
The	  constant	  of	  proportionality	  (c)	  accounts	  for	  the	  geometry,	  loading,	  and	  
collective	  morphology	  of	  the	  individual	  CNTs.	  Within	  eqn	  (3),	  λ	  is	  a	  constant	  and	  Lc	  
is	  a	  characteristic	  length;	  both	  of	  these	  parameters	  depend	  on	  the	  geometry	  of	  the	  
individual	  CNTs	  and	  loading	  conditions.	  For	  example,	  if	  the	  CNT	  forest	  could	  be	  
modeled	  as	  a	  number	  of	  cantilever	  beams	  each	  subject	  to	  a	  transverse	  tip	  force,	  then	  
λ	  =	  3,	  and	  Lc	  would	  be	  equal	  to	  the	  beam	  length.	  For	  curved	  beams,	  λ	  =	  2/π,	  and	  
Lc	  is	  the	  radius	  of	  curvature	  of	  the	  beam.	  
Using	  this	  expression,	  we	  model	  each	  CNT	  (extending	  vertically	  through	  the	  
forest)	  as	  a	  number	  of	  identical	  compression	  springs	  loaded	  in	  series.	  Consequently,	  
the	  forest	  is	  a	  number	  of	  CNTs	  loaded	  in	  parallel.	  The	  constant	  m	  accounts	  for	  the	  
periodicity	  of	  the	  characteristic	  length	  within	  the	  forest,	  which	  is	  directly	  related	  to	  
the	  number	  of	  identical	  springs	  that	  constitute	  each	  CNT.	  Thus,	  m	  is	  related	  to	  the	  
waviness	  of	  the	  individual	  CNTs,	  because	  the	  amount	  of	  contact	  with	  other	  CNTs	  
determines	  the	  characteristic	  ‘‘free’’	  length	  of	  each	  spring	  section.	  Finally,	  n	  
represents	  the	  number	  of	  parallel,	  load-­‐bearing	  elements	  and	  thus	  relates	  to	  the	  
areal	  density	  of	  the	  CNT	  forest	  (CNTs	  per	  cm2).	  
Using	  the	  measured	  values	  of	  the	  outer	  diameter	  of	  the	  polymer-­‐coated	  
CNTs,	  and	  a	  published	  value	  (Ep	  =1	  GPa)44	  of	  the	  modulus	  of	  parylene,42	  we	  calculate	  
c	  for	  the	  three	  composites	  that	  were	  tested.	  These	  values,	  along	  with	  the	  value	  for	  
uncoated	  CNTs,	  are	  shown	  in	  Table	  5.1.	  In	  the	  case	  of	  the	  10	  min	  coating,	  the	  
increase	  in	  the	  elastic	  modulus	  of	  the	  forest	  (80%)	  cannot	  be	  related	  only	  to	  the	  
increase	  in	  flexural	  rigidity	  (2%).	  According	  to	  the	  model,	  the	  c	  value	  increases	  to	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1.09	  ×	  107	  μm-­‐3,	  and	  therefore	  the	  polymer	  connects	  neighboring	  CNTs	  and	  CNT	  
bundles.	  Considering	  that	  all	  parameters	  are	  constant	  except	  for	  the	  polymer	  
thickness,	  we	  predict	  that	  the	  characteristic	  CNT	  length	  decreases	  by	  ≈	  20%	  due	  to	  
the	  increased	  coupling	  within	  the	  composite.	  
For	  the	  20	  min	  deposition	  time,	  the	  composite	  rigidity	  significantly	  increases	  
due	  to	  the	  increase	  in	  polymer	  diameter.	  However,	  the	  value	  of	  c	  remains	  almost	  
unchanged	  compared	  to	  the	  10	  min	  sample,	  indicating	  that	  the	  mechanism	  of	  film	  
deformation	  and	  the	  characteristic	  length	  remain	  unchanged.	  For	  the	  30	  min	  
deposition	  time,	  the	  composite	  modulus	  of	  rigidity	  continues	  to	  increase	  due	  to	  the	  
increased	  diameter.	  Interestingly,	  the	  value	  of	  c	  decreased	  slightly	  but	  remains	  
higher	  than	  that	  for	  the	  as-­‐grown	  CNTs.	  This	  may	  be	  attributed	  to	  inaccuracy	  in	  
average	  diameter	  measurements	  after	  polymer	  coating,	  owing	  to	  the	  polydisperse	  
collection	  of	  individual	  CNTs	  and	  bundles	  within	  the	  forest.	  We	  also	  expect	  that	  the	  
diffusion	  resistance	  to	  coating	  infiltration	  inside	  the	  CNT	  structures	  increases	  with	  
deposition	  time,	  as	  the	  coating	  builds	  up	  on	  the	  outer	  CNTs	  and	  therefore	  blocks	  
access	  to	  the	  inner	  regions.	  Therefore,	  while	  highly	  uniform	  and	  conformal	  coating	  
is	  observed	  on	  the	  outer	  surfaces,	  the	  change	  in	  c	  may	  reflect	  non-­‐uniformity	  in	  the	  
coating	  thickness	  horizontally	  throughout	  the	  structure.	  Cross-­‐sectioning	  the	  
structures	  using	  a	  focused	  ion	  beam	  (FIB)	  was	  inconclusive	  in	  due	  to	  beam-­‐induced	  
damage	  of	  the	  sample,	  and	  we	  are	  studying	  this	  issue	  in	  further	  detail.	  
Moreover,	  we	  note	  that	  the	  loading	  region	  stress–strain	  curve	  of	  the	  
nanotubes	  show	  two	  distinct	  linear	  trends	  during	  loading.	  The	  first	  slope	  is	  linear	  
and	  extends	  to	  ≈	  12–18%	  where	  a	  transition	  to	  a	  smaller	  slope	  takes	  place.	  This	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transition	  can	  be	  attributed	  to	  a	  change	  in	  deformation	  mechanism	  from	  
compression	  to	  collective	  buckling	  of	  the	  CNTs.	  In	  the	  latter	  case,	  the	  proximity	  of	  





Figure	  5.6	  Demonstration	  of	  selective	  chemical	  functionalization	  of	  CNT	  
microstructures	  enabled	  by	  the	  polymer	  coating:	  (a,	  c)	  CNT	  structures	  without	  
polymer	  coating,	  with	  coating	  and	  subsequent	  reaction	  with	  a	  fluorescence	  probe;	  
(b,	  d)	  CNT	  structures	  with	  poly[4-­‐trifluoroacetyl-­‐p-­‐xylylene-­‐co-­‐p-­‐xylylene]	  coating	  
and	  subsequent	  immobilization	  of	  dye	  coating,	  exhibiting	  significant	  fluorescence	  
enhancement.	  Structures	  were	  densified	  by	  infiltration	  and	  evaporation	  of	  acetone	  
before	  dye	  coating	  to	  prevent	  distortion	  due	  to	  capillary	  forces	  from	  the	  dye	  
solution.	  The	  normalized	  fluorescence	  intensity	  (NFI),	  plotted	  in	  (e),	  is	  defined	  as	  
the	  mean	  gray	  value	  of	  the	  CNT	  structures	  divided	  by	  the	  mean	  gray	  value	  of	  flat	  
surface	  background.	  Scale	  bars	  represent	  100	  μm.	  
	  
	  
Finally,	  to	  confirm	  that	  poly[4-­‐trifluoroacetyl-­‐p-­‐xylylene-­‐co-­‐p-­‐xylylene]	  
deposited	  within	  CNT	  structures	  still	  maintained	  their	  chemical	  reactivity	  towards	  
binding	  partners,	  we	  used	  a	  model	  ligand,	  fluorescein-­‐5-­‐thiosemicarbazide,	  for	  
coupling	  to	  poly[4-­‐trifluoroacetyl-­‐p-­‐xylylene-­‐co-­‐p-­‐xylylene].	  Figure	  5.6	  details	  the	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outcome	  of	  this	  experiment.	  As	  anticipated,	  after	  immobilization	  of	  the	  fluorescence	  
label,	  enhanced	  fluorescence	  was	  observed	  on	  the	  CNT	  structures.	  Note,	  that	  the	  
relatively	  high	  background	  fluorescence	  of	  the	  substrate	  present	  before	  and	  after	  
reaction	  with	  the	  fluorescence	  label	  is	  due	  to	  the	  autofluorescence	  of	  the	  photoresist	  
used	  during	  photolithography	  (step	  1	  in	  Figure	  5.1).	  To	  quantitatively	  compare	  the	  
fluorescence	  intensity	  of	  the	  CNT	  structure	  area,	  the	  mean	  gray	  values	  of	  the	  CNT	  
structures	  were	  measured	  using	  ImageJ	  software.	  The	  normalized	  fluorescence	  
intensity	  (NFI)	  was	  calculated	  as	  the	  mean	  gray	  value	  of	  the	  CNT	  structures	  divided	  
by	  the	  mean	  gray	  value	  of	  the	  flat	  surface	  (background)	  surrounding	  the	  structures,	  
as	  shown	  in	  Figure	  5.6e.	  The	  fluorescence	  intensity	  of	  the	  CNT	  structures	  increases	  
by	  approximately	  400%	  after	  polymer	  coating,	  confirming	  that	  deposition	  of	  poly[4-­‐





Spatially	  controlled	  growth	  of	  CNTs	  enables	  the	  fabrication	  of	  a	  wide	  range	  of	  
complex	  nanocomposite	  microstructures.	  Here,	  we	  demonstrate	  that	  poly[4-­‐
trifluoroacetyl-­‐p-­‐xylylene-­‐co-­‐p-­‐xylylene]	  made	  by	  chemical	  vapor	  deposition	  
polymerization	  can	  be	  conformally	  introduced	  within	  CNT	  microstructures.	  Polymer	  
infiltration	  enables	  simultaneous	  mechanical	  reinforcement	  and	  chemical	  
functionalization	  of	  the	  CNTs,	  while	  retaining	  their	  aligned	  and	  multiscale	  texture.	  
We	  expect	  that	  much	  greater	  versatility	  in	  mechanical	  and	  chemical	  properties	  can	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be	  achieved	  by	  changing	  the	  structural	  characteristics	  of	  the	  CNT	  forest	  (e.g.,	  CNT	  
diameter,	  areal	  density),	  or	  by	  further	  tuning	  the	  coating	  properties,	  structure,	  and	  
thickness.	  Based	  on	  this	  initial	  study,	  it	  is	  very	  plausible	  that	  chemically	  modified	  
and	  mechanically	  reinforced	  CNT	  microstructures	  could	  play	  a	  pivotal	  role	  in	  future	  
development	  of	  thin	  films	  for	  energy	  absorption,	  materials	  exhibiting	  chemical	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5.2	  Materials	  and	  Surface	  Design	  of	  Ultrasmall	  Implantable	  Composite	  
Microelectrodes	  for	  Chronic	  Neural	  Interfaces	  
	  
This	  chapter	  has	  been	  adapted	  from	  part	  of	  the	  following	  published	  articles	  
with	  minor	  modifications:	  
T.	  D.	  Y.	  Kozai,	  N.	  B.	  Langhals,	  P.	  R.	  Patel,	  X.	  Deng,	  H.	  Zhang,	  K.	  L.	  Smith,	  J.	  Lahann,	  N.	  A.	  
Kotov,	  D.	  R.	  Kipke.	  Ultrasmall	  implantable	  composite	  microelectrodes	  with	  bioactive	  
surfaces	  for	  chronic	  neural	  interfaces.	  Nature	  Materials.	  2012,	  11,	  1065-­‐1073.	  
doi:10.1038/nmat3468.	  Reproduced	  with	  permission	  of	  Nature	  Publishing	  Group.	  
	  
Note:	  This	  section	  mainly	  focuses	  on	  the	  materials	  part	  especially	  the	  CVD	  polymer	  
coatings,	  the	  original	  paper	  published	  in	  Nature	  Materials	  is	  a	  complete	  study	  with	  
neural	  recording,	  cell	  and	  animal	  studies.	  Please	  refer	  to	  the	  original	  paper	  for	  the	  
neural	  recording	  and	  biological	  data.	  I	  would	  like	  to	  express	  my	  appreciation	  for	  the	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5.2.1	  Introduction	  
Obtaining	  selective,	  high-­‐fidelity,	  long-­‐lasting	  readouts	  of	  brain	  activity	  is	  a	  
critical	  technology	  across	  basic	  and	  applied	  neuroscience.	  Since	  the	  pioneering	  work	  
of	  Strumwasser,45	  demonstrating	  the	  ability	  to	  chronically	  record	  neural	  activity	  
using	  microwires	  in	  hibernating	  squirrels,	  there	  has	  been	  an	  ongoing	  push	  to	  
improve	  implantable	  microelectrode	  technologies	  in	  terms	  of	  size,	  shape,	  density,	  
recording	  mode,	  signal-­‐to-­‐noise	  ratio	  (SNR),	  tissue	  integration	  and	  functional	  
duration.46	  Today,	  most	  implantable	  neural	  microelectrodes	  trace	  back	  to	  the	  three	  
historical	  microelectrode	  technologies:	  microwires;	  thin-­‐film	  planar	  probes	  based	  
on	  silicon	  or	  polymer	  substrates;	  or	  bulk	  micromachined	  arrays.	  Although	  
incremental	  progress	  has	  been	  steady,	  there	  are	  still	  no	  definitive	  solutions	  for	  
creating	  stable,	  long-­‐lasting	  devices	  that	  elicit	  little	  or	  no	  deleterious	  tissue	  
responses	  in	  the	  brain.46a,	  47	  As	  recent	  advances	  in	  the	  understanding	  of	  brain	  tissue	  
responses	  come	  to	  the	  forefront	  of	  neural	  engineering,48	  advances	  of	  these	  
technologies	  are	  reaching	  limitations	  imposed	  by	  size,	  flexibility,	  strength,	  
biocompatibility	  and	  electrical	  trade-­‐offs	  of	  traditional	  materials	  such	  as	  metals,	  
glass	  and	  silicon.	  To	  make	  fundamental	  advances	  in	  microelectrode	  technologies,	  it	  
is	  necessary	  to	  bring	  together	  a	  new	  set	  of	  materials	  to	  create	  functional	  chronic	  
implantable	  electrodes	  that	  are	  much	  smaller	  and	  more	  flexible,	  but	  sufficiently	  
robust,	  and	  at	  the	  same	  time	  have	  improved	  electrical	  characteristics	  and	  bioactive	  
surfaces	  to	  control	  intrinsic	  biological	  processes.	  
Emerging	  trends	  and	  technology	  in	  advanced	  biomaterials49	  and	  chronic	  
neural	  interfaces48a,	  50	  involve	  bio-­‐inspired	  exploration	  of	  new	  paradigms	  to	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improve	  the	  biocompatibility	  and	  lifetime,	  better	  tissue	  integration	  and	  maintain	  
neuronal	  viability.	  Although	  carbon-­‐fibre	  microelectrodes	  have	  been	  extensively	  
used	  to	  record	  extracellular/intracellular	  neural	  activity	  and	  changes	  in	  chemical	  
concentrations,	  they	  are	  insulated	  in	  glass	  capillaries	  or	  fused	  silica	  tubes,	  which	  
increase	  the	  implanted	  device's	  footprint	  and	  stiffness51	  and	  limit	  its	  capabilities	  for	  
chronic	  in	  vivo	  single-­‐unit	  recordings.	  Studies	  of	  the	  probe/tissue	  interface	  suggest	  
that	  flexible	  probes	  may	  help	  to	  minimize	  perpetual	  mechanical	  trauma	  caused	  by	  
physiological	  motion	  between	  the	  probe	  and	  the	  surrounding	  tissue.48e,	  52	  To	  this	  
end,	  polymers	  have	  been	  employed	  in	  increasingly	  flexible	  probes.53	  Furthermore,	  
new	  fabrication	  techniques	  leveraging	  softer	  advanced	  materials	  have	  allowed	  for	  
sophisticated	  types	  of	  probe	  architecture	  with	  subcellular-­‐sized	  features	  
demonstrating	  a	  reduction	  of	  the	  encapsulation	  response.54	  However,	  reduction	  of	  
recording	  sites	  causes	  an	  inverse	  effect	  of	  increasing	  impedance	  despite	  its	  ideal	  
characteristics	  for	  isolating	  single-­‐unit	  neural	  activity.	  Therefore,	  advanced	  organic	  
conductive	  polymers	  such	  as	  poly(3,4-­‐ethylenedioxythiophene)	  (PEDOT)	  have	  been	  
used	  to	  improve	  the	  recording	  characteristics	  of	  small	  recording	  sites	  over	  time,49	  
although	  PEDOT	  has	  been	  shown	  to	  cause	  some	  degradation	  from	  prolonged	  
electrical	  stimulation.55	  More	  recently,	  functional	  organic	  bioactive	  surface	  
materials	  have	  shown	  promise	  of	  improving	  chronic	  interfaces	  in	  new	  ways.56	  The	  
emerging	  engineering	  model	  based	  on	  these	  studies	  points	  to	  innovative	  composite	  
materials	  that	  are	  specifically	  designed	  to	  fulfill	  aggressive	  sets	  of	  functional	  
requirements	  across	  multiple	  dimensions	  that	  were	  previously	  limited	  by	  intrinsic	  
size,	  strength,	  flexibility,	  electrical	  and	  biocompatibility	  trade-­‐offs.	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Our	  objective	  was	  to	  fabricate	  and	  test	  an	  ultrasmall	  organic	  electrical	  
microelectrode	  that	  has	  a	  subcellular	  cross-­‐sectional	  dimension,	  but	  is	  flexible,	  
stronger,	  and	  has	  sufficient	  electrical	  characteristics	  for	  neural	  recording	  and	  
advanced	  bioactive	  capabilities	  for	  controlling	  intrinsic	  biological	  processes.	  We	  
developed	  composite	  materials	  that	  are	  specifically	  engineered	  to	  extend	  the	  
microelectrode	  design	  space	  to	  achieve	  a	  set	  of	  functional	  requirements	  for	  chronic	  
performance	  that	  previously	  were	  limited	  by	  intrinsic	  size,	  strength	  and	  electrical	  
trade-­‐offs	  of	  conventional	  technologies.	  	  
Here,	  we	  report	  the	  development	  of	  an	  integrated	  composite	  electrode	  
consisting	  of	  a	  carbon-­‐fiber	  core,	  a	  poly(p-­‐xylylene)-­‐based	  thin-­‐film	  coating	  that	  acts	  
as	  a	  dielectric	  barrier	  and	  that	  is	  functionalized	  to	  control	  intrinsic	  biological	  
processes,	  and	  a	  poly(thiophene)-­‐based	  recording	  pad.	  The	  resulting	  implants	  are	  
an	  order	  of	  magnitude	  smaller	  than	  traditional	  recording	  electrodes,	  and	  more	  
mechanically	  compliant	  with	  brain	  tissue.	  They	  were	  found	  to	  elicit	  much	  reduced	  
chronic	  reactive	  tissue	  responses	  and	  enabled	  single-­‐neuron	  recording	  in	  acute	  and	  
early	  chronic	  experiments	  in	  rats.	  This	  technology,	  taking	  advantage	  of	  new	  
composites,	  makes	  possible	  highly	  selective	  and	  stealthy	  neural	  interface	  devices	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5.2.2	  Experimental	  Section	  
Functional	  CVD	  Coatings	  on	  Carbon-­‐fibre	  Microthread	  Electrodes	  (MTEs)	  
One	  to	  three	  individual	  7	  μm	  diameter	  (Cytec	  Thornel	  T650,	  tensile	  modulus	  
=	  234	  GPa)	  carbon	  fibres	  were	  mounted	  onto	  a	  NeuroNexus	  A16	  printed	  circuit	  
board	  or	  a	  bare	  stainless-­‐steel	  wire	  using	  silver	  epoxy	  (WPI)	  and	  baked	  at	  140	  °C	  for	  
10	  min.	  An	  ≈800-­‐nm-­‐thick	  poly(p-­‐xylylene)	  insulator	  layer	  was	  then	  deposited	  
using	  CVD.	  One	  gram	  of	  paracyclophane	  was	  sublimed	  at	  90	  to	  110	  °C	  and	  0.07	  Torr	  
and	  carried	  into	  the	  pyrolysis	  chamber	  by	  argon	  at	  a	  flow	  rate	  of	  20	  standard	  cubic	  
centimetres	  per	  minute	  (sccm).	  After	  pyrolysis	  at	  670	  °C,	  the	  polymer	  was	  deposited	  
on	  the	  substrate	  at	  15	  °C.	  The	  deposition	  rate,	  according	  to	  the	  quartz-­‐crystal	  
microbalance,	  was	  0.6-­‐1.0	  Å	  s-­‐1.	  Next,	  the	  surface	  was	  functionalized	  with	  a	  ≈50	  nm	  
thick	  poly((p-­‐xylylene-­‐4-­‐methyl-­‐2-­‐bromoisobutyrate)-­‐co-­‐(p-­‐xylylene))	  layer	  using	  
CVD.	  [2.2]paracyclophane-­‐4-­‐methyl	  2-­‐bromoisobutyrate	  was	  sublimed	  at	  90-­‐110	  °C	  
and	  0.07	  Torr	  and	  carried	  into	  the	  pyrolysis	  chamber	  by	  argon	  at	  a	  flow	  rate	  of	  20	  
sccm.	  After	  pyrolysis	  at	  550	  °C,	  the	  polymer	  was	  deposited	  on	  the	  substrate	  at	  15	  °C	  
at	  0.6-­‐1.0	  Å	  s-­‐1.	  
Atom	  Transfer	  Radical	  Polymerization	  
Poly(ethylene	  glycol)	  monomethyl	  ether	  methacylate	  (PEGMA)	  was	  grafted	  
onto	  the	  poly(p-­‐xylylene)	  surface	  by	  ATRP.	  Poly((p-­‐xylylene-­‐4-­‐methyl-­‐2-­‐
bromoisobutyrate)-­‐co-­‐(p-­‐xylylene))	  was	  used	  as	  the	  initiator	  for	  ATRP	  because	  of	  
its	  functional	  groups.57	  After	  deposition	  of	  poly((p-­‐xylylene-­‐4-­‐methyl-­‐2-­‐
bromoisobutyrate)-­‐co-­‐(p-­‐xylylene)),	  MTEs	  were	  incubated	  under	  inert	  conditions	  
with	  a	  degassed	  aqueous	  solution	  of	  oligo(ethylene	  glycol)	  methyl	  ether	  
	   137	  
methacrylate,	  with	  CuBr/CuBr2/2,2’-­‐bipyridine	  as	  the	  catalyst.	  The	  polymerizations	  
proceeded	  at	  room	  temperature	  for	  4	  h.	  Surface-­‐modified	  MTEs	  were	  thoroughly	  
rinsed	  after	  the	  reaction.	  
Probe	  Tip	  Treatment	  with	  PEDOT	  
Poly(p-­‐xylylene)-­‐coated	  and	  PEGMA-­‐grafted	  carbon	  fibers	  were	  cut	  to	  a	  
length	  of	  0.3-­‐0.5	  cm.	  For	  PEDOT	  deposition,	  monomer	  3,4-­‐ethylenedioxythiophene	  
(EDOT)	  (Bayer,	  Germany)	  was	  electrochemically	  polymerized	  and	  deposited	  onto	  
the	  surface	  of	  the	  electrode	  sites	  together	  with	  the	  anions	  in	  the	  solution.	  
Specifically,	  PEDOT/PSS	  was	  electropolymerized	  from	  a	  0.1	  M	  poly(sodium-­‐p-­‐
styrenesulfonate)	  (PSS)	  (Acros	  Organics,	  Morris	  Plains,	  NJ)	  aqueous	  solution	  with	  an	  
EDOT	  concentration	  of	  0.01	  M	  under	  galvanostatic	  conditions.	  In	  galvanostatic	  
mode,	  the	  current	  was	  held	  at	  100	  pA.	  	  
Electrical	  Characterization	  	  
EIS	  and	  CV	  measurements	  were	  made	  using	  an	  Autolab	  potentiostat	  
PGSTAT12	  (Eco	  Chemie,	  Utrecht,	  The	  Netherlands)	  with	  associated	  frequency	  
response	  analyzer	  and	  general-­‐purpose	  electrochemical	  system	  software	  (Metrohm,	  
Westbury,	  NY),	  respectively.	  To	  obtain	  EIS	  and	  CV	  measurements,	  each	  probe	  was	  
submerged	  in	  a	  PBS	  solution	  of	  137	  mM	  sodium	  chloride,	  2.7	  mM	  potassium	  
chloride,	  and	  11.9	  mM	  phosphate	  buffer	  with	  a	  stainless	  steel	  rod	  serving	  as	  the	  
counter	  electrode	  and	  a	  standard	  Ag|AgCl	  probe	  as	  the	  reference.	  Impedance	  
measurements	  were	  taken	  between	  10	  Hz	  and	  31	  kHz	  at	  25	  mVrms.	  CV	  values	  were	  
obtained	  by	  cycling	  three	  times	  from	  0.8	  V	  to	  -­‐0.6	  V	  at	  a	  sweep	  rate	  of	  1	  V/s	  and	  
averaging	  the	  last	  two	  cycles.	  Charge	  storage	  capacity	  (CSC)	  of	  each	  site	  was	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calculated	  from	  the	  full	  area	  under	  the	  CV	  curve,	  scaled	  by	  the	  inverse	  of	  the	  scan	  
rate.	  After	  implantation,	  a	  distant	  stainless	  steel	  (316-­‐SS	  grade)	  bone	  screw	  was	  
used	  as	  the	  reference	  and	  counter	  electrode.	  	  
Protein	  Adsorption	  
Poly(p-­‐xylylene)-­‐coated	  and	  PEGMA-­‐grafted	  devices	  were	  incubated	  in	  FITC-­‐
albumin	  in	  2	  mg/ml	  PBS	  solution	  for	  60	  min,	  then	  washed	  in	  PBS	  for	  30	  min.	  
Immediately	  after,	  FITC-­‐albumin	  was	  imaged	  with	  an	  Nikon	  Eclipse	  80i	  in	  the	  FITC	  
channel.	  Biofouling	  was	  calculated	  by	  measuring	  the	  intensity	  of	  the	  probe	  after	  
adsorption	  and	  normalizing	  it	  against	  the	  background	  intensity.	  
SEM	  Imaging	  	  
SEM	  imaging	  was	  carried	  out	  on	  a	  FEI	  Quanta	  200	  3D	  Focused	  Ion	  Beam	  
Workstation	  (FEI,	  Hillsboro,	  OR).	  Samples	  were	  sputter	  coated	  with	  gold	  prior	  to	  
imaging.	  	  
Microscopic	  Raman	  Spectroscopy	  	  
The	  carbon	  nanotube	  samples	  were	  analyzed	  using	  a	  Bruker	  SENTERRA	  
Raman	  system	  (Bruker	  Optik	  GmbH,	  Ettlingen,	  Germany)	  based	  on	  an	  Olympus	  BX	  
51	  microscope	  (Olympus	  Corp.,	  Tokyo,	  Japan),	  and	  an	  Olympus	  UIS-­‐2	  LMPlanFL	  N	  
100x/0.80	  objective	  (Olympus	  Corp.	  Tokyo,	  Japan)	  with	  2	  μm	  resolution	  used	  for	  
the	  lateral	  and	  axial	  directions.	  The	  equipped	  532	  nm	  laser	  was	  chosen	  for	  the	  
measurements	  of	  the	  sample	  surfaces.	  In	  order	  to	  avoid	  thermal	  decomposition	  of	  
the	  sample,	  the	  laser	  power	  was	  attenuated	  to	  2mW	  for	  the	  analysis.	  The	  spectra	  
were	  recorded	  in	  the	  region	  from	  100	  to	  4000	  cm-­‐1	  for	  each	  sample.	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Figure	  5.7	  Microthread	  electrodes	  (MTE).	  a–d,	  Preparation	  of	  a	  MTE:	  carbon	  fibres	  
are	  coated	  with	  800nm	  poly(p-­‐xylylene)	  (a);	  the	  fibre	  is	  further	  coated	  with	  a	  50-­‐
nm-­‐thick	  layer	  of	  poly((p-­‐xylylene-­‐4-­‐methyl-­‐2-­‐bromoisobutyrate)-­‐co-­‐(p-­‐xylylene))	  
(b);	  poly(ethylene	  glycol)	  is	  covalently	  grafted	  onto	  the	  doubly	  coated	  fibre	  by	  ATRP	  
(c);	  a	  carbon	  recording	  site	  is	  exposed	  at	  the	  tip	  by	  cutting	  away	  the	  insulation,	  and	  
the	  recording	  site	  is	  coated	  with	  PEDOT	  by	  electrochemical	  deposition	  (d).	  SEM	  
images	  of	  a	  fully	  assembled,	  functional	  MTE	  (e).	  The	  Confocal	  Raman	  Spectroscopy	  










Figure	  5.8	  Raman	  Spectroscopy	  Analysis	  of	  MTE	  components.	  Raman	  Spectroscopy	  
of	  bare	  carbon	  fibers	  (black),	  PEDOT	  recording	  tip	  (red),	  and	  poly(p-­‐xylylene)	  
coating	  (blue).	  Characteristic	  bands	  are	  labeled	  with	  their	  respective	  wavelengths.	  
This	  demonstrates	  that	  the	  parylene	  insulation	  was	  present	  along	  the	  sides	  of	  the	  
carbon	  fiber	  surface.	  Also,	  PEDOT	  was	  detected	  at	  the	  tip	  of	  the	  device,	  but	  not	  along	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Figure	  5.9	  Stepwise	  EDX	  Analysis	  of	  Microthread	  Electrodes	  throughout	  
fabrication.	  EDX	  data	  of	  MTE	  component.	  a,	  Carbon	  fiber,	  b,	  Poly(p-­‐xylylene),	  c,	  
Poly[(p-­‐xylylene-­‐4-­‐methyl-­‐2-­‐bromoisobutyrate)-­‐co-­‐(p-­‐xylylene)].	  d,	  PEGMA.	  e,	  
PEDOT.	  The	  poly[(p-­‐xylylene-­‐4-­‐methyl-­‐2-­‐bromoisobutyrate)-­‐co-­‐(p-­‐xylylene)]	  and	  
PEGMA	  coatings	  were	  not	  detectable	  using	  Raman	  Spectroscopy,	  perhaps	  due	  to	  low	  
activity	  of	  their	  Raman	  scattering	  frequencies.	  Therefore,	  EDX	  was	  also	  used	  to	  
characterize	  the	  surface	  material	  after	  each	  fabrication	  step.	  Carbon	  fiber	  and	  
parylene-­‐N	  were	  not	  discernable	  using	  EDX.	  The	  bromine	  element	  could	  be	  detected	  
after	  the	  50	  nm	  coating	  with	  poly[(p-­‐xylylene-­‐4-­‐methyl-­‐2-­‐bromoisobutyrate)-­‐co-­‐(p-­‐
xylylene)].	  An	  increase	  in	  oxygen	  was	  detected	  as	  expected	  after	  the	  PEGMA	  coating.	  
Sulfur	  was	  detected	  in	  PEDOT	  at	  the	  tip	  of	  the	  assembled	  Microthread	  Electrode.	  
This	  suggests	  that	  each	  component	  of	  the	  fabrication	  is	  assembled	  into	  the	  MTE.	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5.2.3	  Results	  and	  Discussion	  
The	  resulting	  microthread	  electrodes	  (MTEs)	  were	  prepared	  by	  mounting	  7	  
μm	  diameter	  carbon	  fibres	  onto	  a	  microelectrode	  printed	  circuit	  board.	  The	  carbon	  
fibre	  was	  then	  coated	  with	  an	  800nm	  poly(p-­‐xylylene)	  coating	  using	  chemical	  vapor	  
deposition	  (CVD)	  polymerization	  (Figure	  5.7a).	  Poly(p-­‐xylylene)	  (also	  known	  as	  
parylene-­‐N)	  was	  selected	  for	  its	  very	  low	  dissipation	  factor,	  high	  dielectric	  strength	  
and	  low	  dielectric	  constant	  that	  is	  also	  invariant	  with	  frequency.	  A	  50	  nm	  thick	  layer	  
of	  the	  functionalized	  polymer	  poly((p-­‐xylylene-­‐4-­‐methyl-­‐2-­‐bromoisobutyrate)-­‐co-­‐
(p-­‐xylylene))	  was	  deposited	  onto	  the	  poly(p-­‐xylylene)	  coated	  fibre	  using	  CVD	  
polymerization	  (Figure	  5.7b).	  This	  polymer	  provides	  initiator	  groups	  for	  subsequent	  
atom	  transfer	  radical	  polymerization	  (ATRP).57	  By	  ATRP,	  a	  ≈200	  nm	  thick	  
poly(ethylene	  glycol)	  methacrylate	  (PEGMA)	  top	  layer	  was	  deposited,	  which	  
rendered	  the	  neuronal	  probe	  devices	  protein-­‐resistant	  (Figure	  5.7c).57-­‐58	  Finally,	  a	  
recording	  site	  was	  created	  by	  electrochemical	  deposition	  of	  poly(3,4-­‐
ethylenedioxythiophene)/poly(styrenesulphonate)	  (PEDOT:PSS)	  onto	  the	  tip	  of	  the	  
neuronal	  probe,	  from	  which	  the	  poly(p-­‐xylylene)	  and	  PEGMA	  coatings	  had	  
previously	  been	  removed	  (Figure	  5.7d).	  The	  primary	  innovation	  of	  this	  technology	  
is	  the	  combination	  of	  advanced	  materials	  to	  create	  an	  ultrasmall	  organic	  interface	  
that	  has	  the	  approximate	  size	  of	  a	  single	  trace	  on	  a	  conventional	  silicon	  neural	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Figure	  5.10	  In	  vitro	  electrical	  characterization	  of	  MTEs.	  a,b,	  Electrical	  
characterization	  of	  a	  poly(p-­‐xylylene)-­‐coated	  carbon	  fibre,	  a	  poly(p-­‐xylylene)-­‐
coated	  fibre	  with	  an	  exposed	  carbon	  tip	  and	  a	  poly(p-­‐xylylene)-­‐coated	  fibre	  with	  a	  
recording	  site	  of	  PEDOT:PSS	  electrodeposited	  with	  applied	  charges	  of	  5,	  25,	  50,	  100,	  
200	  and	  400	  nC.	  a,	  Bode	  magnitude	  impedance	  plot	  showing	  decreasing	  impedance	  
with	  increasing	  PEDOT	  deposition	  across	  all	  frequencies.	  b,	  Bode	  phase	  plot	  
showing	  phase	  shift	  towards	  smaller	  phases	  indicative	  of	  a	  change	  from	  a	  capacitive	  
carbon	  interface	  to	  a	  faradaic	  PEDOT	  interface	  with	  increasing	  deposition.	  The	  
poly(p-­‐xylylene)-­‐insulated	  fibre	  without	  an	  exposed	  recording	  site	  was	  not	  plotted	  
because	  a	  reliable	  signal	  could	  not	  be	  detected.	  c,	  Cyclic	  voltammogram	  showing	  
increasing	  charge	  storage	  capacity	  with	  increasing	  PEDOT	  deposition	  in	  response	  to	  
voltage	  cycling	  of	  the	  electrode	  site.	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The	  MTE	  electrical	  properties	  were	  characterized	  by	  electrochemical	  
impedance	  spectroscopy	  (EIS)	  and	  cyclic	  voltammetry.	  Measurements	  were	  taken	  
for	  two	  controls:	  poly(p-­‐xylylene)	  insulated	  carbon	  fibres,	  and	  poly(p-­‐xylylene)-­‐
insulated	  fibres	  with	  a	  ≈38.5	  μm2	  exposed	  cut	  carbon	  tip.	  Last,	  poly(p-­‐xylylene)	  
insulated	  MTEs	  with	  recording	  sites	  and	  increasing	  degrees	  of	  PEDOT:PSS	  
deposition	  were	  characterized.	  EIS	  measurements	  showed	  a	  progressive	  decrease	  in	  
impedance	  as	  the	  insulation	  at	  the	  tip	  was	  removed,	  as	  well	  as	  with	  increasing	  
PEDOT	  deposition	  (Figure	  5.10a).	  The	  phase	  diagram	  also	  shows	  decreasing	  phase	  
delay	  with	  increasing	  PEDOT	  deposition,	  which	  is	  a	  hallmark	  of	  PEDOT-­‐coated	  
electrical	  sites	  (Figure	  5.10b).59	  Cyclic	  voltammetry	  measurements	  also	  showed	  
increased	  charge	  storage	  capacity	  with	  increasing	  PEDOT	  deposition	  (Figure	  5.10c),	  
which	  could	  be	  relevant	  for	  brain	  stimulation	  devices.	  Cyclic	  voltammetry	  profiles	  
indicate	  the	  presence	  of	  PEDOT	  on	  the	  recording	  site.	  
	  
	  
Figure	  5.11	  Demonstration	  of	  bending	  strength	  of	  Microthread	  Electrode.	  MTE	  can	  
withstand	  substantial	  bending	  into,	  for	  instance,	  a	  loop-­‐knot	  without	  any	  fracturing.	  
Scale	  bare	  indicates	  100	  microns.	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The	  MTEs	  also	  have	  an	  essential	  combination	  of	  mechanical	  properties	  for	  
neural	  probes	  in	  terms	  of	  stiffness,	  strength	  and	  size	  (Figure	  5.11).	  The	  stiffness	  (k)	  
of	  a	  MTE	  calculated	  from	  the	  cross-­‐sectional	  area	  (A),	  elastic	  modulus	  (E)	  and	  length	  
implanted	  into	  the	  cortex	  (l)	  is	  4,540	  N	  m-­‐1,	  which	  is	  an	  order	  of	  magnitude	  smaller	  
than	  for	  a	  conventional	  silicon	  microelectrode	  of	  the	  same	  length,	  ≈151,000	  N	  m-­‐
1(ref.52c).	  The	  cantilever	  beam	  spring	  constant	  (kc)	  for	  a	  conventional	  silicon	  
microelectrode	  is	  2.13	  N	  m-­‐1	  in	  the	  direction	  normal	  to	  the	  recording	  surface	  and	  
143	  N	  m-­‐1	  in	  the	  lateral	  direction,	  whereas	  kc	  for	  the	  MTE	  is	  0.0106	  N	  m-­‐1	  in	  all	  radial	  
directions.	  This	  reduced	  stiffness	  or	  improved	  compliance	  (1/k)	  is	  primarily	  the	  
result	  of	  the	  small-­‐diameter	  carbon	  fibre,	  comparable	  to	  the	  size	  of	  cells,	  and	  the	  use	  
of	  the	  thin	  parylene-­‐N	  coating	  (Figure	  5.12a).	  The	  kc	  is	  superior	  over	  recently	  
developed	  tunicate-­‐derived	  nanocomposite	  probes.60	  Stiff	  implanted	  probes	  
tethered	  to	  the	  skull	  may	  also	  cause	  rupture	  of	  the	  nearby	  blood	  brain	  barrier	  (BBB)	  
during	  micromotion	  or	  physiological	  motion.48e,	  52b,	  61	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Figure	  5.12	  Physical	  characteristics	  of	  the	  MTEs.	  a,	  AMTE	  laid	  on	  top	  of	  a	  10mm	  
silicon	  electrode.	  Scale	  bar,	  50	  μm.	  b,	  FITC–albumin	  adsorbed	  onto	  a	  10mm	  silicon	  
electrode	  whereas	  an	  ATRP-­‐PEGMA	  surface-­‐coated	  MTE	  showed	  no	  adsorption.	  c,	  
Bright-­‐field	  images	  of	  FITC–albumin	  adsorbed	  onto	  a	  poly(p-­‐xylylene)-­‐coated	  device	  
(left)	  and	  an	  ATRP-­‐PEGMA	  coated	  device	  (right).	  Scale	  bar,	  20	  μm.	  d,	  The	  same	  
image	  as	  in	  c	  under	  fluorescent	  microscopy	  showing	  less	  protein	  adsorption	  onto	  
the	  PEGMA	  surface	  (right)	  compared	  with	  the	  poly(p-­‐xylylene)	  surface	  (left).	  e,	  
Comparison	  of	  the	  intensity	  of	  adsorbed	  FITC–albumin	  between	  PEGMA-­‐coated	  
MTEs	  and	  silicon	  probes	  (left),	  and	  PEGMA	  coated	  MTEs	  and	  poly(p-­‐xylylene)-­‐
coated	  MTEs.	  Error	  bars	  show	  s.d.	  
	  
To	  prevent	  biofouling	  from	  BBB	  disruption,	  the	  MTEs	  have	  a	  biofouling-­‐
resistant	  surface	  through	  functionalization	  of	  the	  outer	  poly(p-­‐xylylene)	  insulation	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with	  PEGMA,	  an	  anti-­‐biofouling	  molecule.	  Although	  stab	  wound	  studies	  show	  
limited	  chronic	  tissue	  damage,48a	  plasma	  protein	  adsorption	  onto	  the	  electrode	  may	  
perpetuate	  the	  tissue	  response	  in	  chronically	  implanted	  neural	  electrodes.	  For	  
example,	  the	  plasma	  protein	  albumin	  is,	  in	  part,	  responsible	  for	  inducing	  glial	  cell	  
activation	  and	  proliferation.62	  Adsorption	  of	  plasma	  proteins	  to	  probe	  surfaces	  may	  
perpetuate	  the	  release	  of	  pro-­‐inflammatory	  cytokines	  and	  their	  continual	  
adsorption	  onto	  the	  probe	  surface.	  Within	  the	  central	  nervous	  system,	  anti-­‐
biofouling	  coatings	  may	  have	  to	  be	  stable	  only	  long	  enough	  for	  cells	  to	  repair	  the	  
BBB	  and	  clean	  up	  the	  plasma	  exudates,	  thereby	  allowing	  attenuation	  of	  pro-­‐
inflammatory	  cytokines	  in	  the	  probe's	  microenvironment.48e	  As	  such,	  covalently	  
grafted	  functional	  bioactive	  surface	  materials	  may	  be	  more	  effective	  for	  improving	  
chronic	  neural	  interfaces	  than	  rapidly	  dissolving	  anti-­‐biofouling	  hydrogels.	  
Furthermore,	  although	  bioactive	  peptide	  coatings	  may	  denature,	  their	  effects	  have	  
been	  shown	  to	  last	  for	  months.56	  The	  organic	  PEGMA	  surface	  material	  demonstrated	  
improved	  antibiofouling	  properties	  from	  FITC-­‐albumin	  adsorption	  compared	  with	  
the	  native	  poly(p-­‐xylylene)	  surface	  in	  vitro	  (Figure	  5.12).	  The	  covalently	  grafted	  
PEGMA	  layer	  has	  the	  added	  benefit	  of	  further	  minimizing	  the	  microelectrode	  
footprint	  compared	  with	  traditional	  drug-­‐eluting	  hydrogels	  that	  acutely	  push	  tissue	  
away	  from	  the	  electrode	  surface.	  To	  the	  authors'	  knowledge,	  this	  is	  the	  first	  
demonstration	  of	  a	  functionalized	  poly(p-­‐xylylene)	  coating	  in	  a	  functional	  neural	  
microelectrode.	  These	  properties	  are	  especially	  important	  when	  chronic	  use	  of	  the	  
probes	  is	  intended.	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5.2.4	  Conclusion	  
This	  study	  brought	  together	  a	  new	  set	  of	  materials	  to	  make	  fundamental	  
advances	  in	  microelectrode	  technology	  across	  the	  dimensions	  of	  size,	  strength,	  
flexibility,	  surface	  biochemistry	  and	  electrical	  properties.	  The	  results	  demonstrated	  
that	  this	  innovative	  composite	  microelectrode	  with	  a	  reduced	  footprint	  was	  able	  to	  
chronically	  record	  single-­‐unit	  spikes.	  To	  the	  best	  of	  the	  authors'	  knowledge	  this	  is:	  
the	  smallest	  stand-­‐alone	  implantable	  neuronal	  ultramicroelectrode;	  the	  first	  
functionalized	  poly(p-­‐xylylene)	  surface	  on	  a	  neural	  microelectrode;	  and	  the	  smallest	  
recording	  electrode	  site	  to	  deposit	  PEDOT:PSS	  and	  successfully	  record	  chronic	  
single-­‐unit	  activity	  in	  the	  cortex.	  Furthermore,	  emerging	  PEDOT	  blends	  
(PEDOT/carbon	  nanotubes)	  show	  promising	  results	  of	  being	  more	  stable	  than	  
PEDOT:PSS	  (ref.	  63).	  Although	  these	  electrodes	  successfully	  recorded	  high-­‐quality	  
neural	  activity	  over	  several	  weeks,	  four	  of	  the	  seven	  implants	  had	  a	  headcap	  failure	  
around	  the	  sixth	  week	  associated	  with	  poor	  printed	  circuit	  board	  design,	  
compounded	  by	  the	  animal	  regularly	  bumping	  it	  into	  the	  cage.	  However,	  previous	  
studies	  suggest	  that	  recordings	  become	  stable	  around	  5-­‐6	  weeks.49	  Although	  the	  
present	  data	  are	  extremely	  encouraging,	  especially	  for	  improving	  basic	  
neuroscience	  research,	  it	  is	  difficult	  at	  this	  stage	  to	  predict	  outcomes	  of	  clinical	  
relevance,	  typically	  demonstrated	  through	  long-­‐term	  chronic	  testing	  in	  primates.	  
Present	  efforts	  are	  focused	  on	  improving	  low-­‐profile	  headcap	  connector	  designs	  and	  
developing	  more	  mechanically	  stable	  mounting	  media	  to	  evaluate	  long-­‐term	  
viability.	  Another	  focus	  is	  to	  substitute	  the	  carbon-­‐fibre	  core	  with	  carbon	  nanotube	  
composite	  materials	  that	  are	  stronger	  and	  more	  flexible	  than	  platinum	  in	  addition	  to	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being	  compatible	  with	  traditional	  microfabrication	  processes	  to	  enable	  
manufacturing	  of	  high-­‐density	  arrays.64	  These	  composite	  materials	  may	  negate	  the	  
need	  for	  an	  organic	  recording	  site	  to	  detect	  biopotentials,	  and	  instead	  allow	  us	  to	  
use	  these	  coatings	  for	  delivering	  bioactive	  molecules	  to	  the	  recording	  site.65	  These	  
devices	  will	  be	  implanted	  into	  the	  brain	  by	  leveraging	  existing	  and	  emerging	  
insertion	  techniques.66	  In	  the	  future,	  more	  advanced	  bio/nanomaterials	  could	  be	  
used	  to	  further	  attenuate	  the	  tissue	  response	  and	  provide	  a	  more	  biomimetic,	  bio-­‐
integrating	  interface	  to	  further	  blur	  the	  line	  between	  organic	  and	  inorganic,	  perhaps	  
with	  combinations	  of	  lipids,	  growth	  factors,	  cell	  adhesion	  molecules,	  drugs	  and/or	  
enzymes.56,	  67	  The	  techniques	  and	  knowledge	  gained	  here	  will	  serve	  as	  a	  foundation	  
for	  innovative	  long-­‐term	  chronic	  implant	  designs	  that	  we	  anticipate	  will	  be	  
transitioned	  to	  primate	  studies	  as	  the	  next	  step	  of	  this	  work.	  
The	  capability	  of	  monitoring	  specific	  neuronal	  ensembles	  for	  long	  periods	  of	  
time	  with	  great	  precision	  would	  be	  a	  powerful	  tool	  in	  neuroscience	  research	  for	  
linking	  low-­‐level	  neuronal	  circuits	  to	  high-­‐level	  brain	  function,	  such	  as	  learning,	  
memory	  and	  perception.	  As	  a	  result	  of	  its	  small	  size,	  the	  MTE	  is	  also	  attractive	  for	  
use	  with	  emerging	  optical	  technologies,	  such	  as	  in	  vivo	  multi-­‐photon	  microscopy	  
because	  it	  produces	  negligible	  optical	  shadows.	  These	  microelectrodes	  can	  also	  be	  
grafted	  with	  fluorescent	  labels	  for	  in	  vivo	  multi-­‐photon	  deep	  tissue	  microscopy	  
neuroscience	  studies.	  The	  MTE's	  subcellular	  footprint	  also	  limits	  the	  impact	  of	  
diffusion	  on	  biochemical	  and	  bioelectrical	  signaling	  around	  the	  device.	  Developing	  
smaller	  and	  more	  flexible	  neural	  probes	  with	  advanced	  surface	  materials	  for	  long-­‐
term,	  high-­‐quality	  and	  selective	  neural	  recording	  could	  potentially	  lead	  to	  paradigm	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shifts	  in	  both	  neuroscience	  research	  and	  clinical	  neurotechnologies.	  The	  organic	  
integrated	  (nano)composite	  microelectrode	  technology	  may	  be	  further	  tailored	  to	  
other	  disciplines,	  such	  as	  cardiology,	  peripheral	  nerve	  injury	  or	  transdermal	  
microelectrodes,	  to	  establish	  stealthy	  bio-­‐interfaces	  for	  monitoring	  and	  controlling	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CHAPTER	  6	  	  
Conclusion	  and	  Future	  Directions	  
	  
6.1	  Conclusion	  
In	  this	  dissertation,	  four	  different	  application	  areas	  of	  functionalized	  CVD	  
polymers	  have	  been	  presented:	  orthogonal	  immobilization	  strategies	  for	  multiple	  
biomolecules	  (Chapter	  2),	  metal	  enhanced	  fluorescence	  for	  biosensor	  development	  
(Chapter	  3),	  biodegradable	  CVD	  polymer	  coatings	  (Chapter	  4)	  and	  CVD	  polymer	  
applications	  in	  complex	  structures	  and	  integrated	  devices	  (Chapter	  5).	  This	  
dissertation	  mainly	  focuses	  on	  surface	  design	  for	  biomedical	  applications.	  Together	  
with	  previous	  studies	  based	  on	  the	  functionalized	  [2.2]paracyclophane	  CVD	  
polymerization,	  we	  have	  shown	  that	  the	  surface	  functionalization	  and	  coating	  
platform	  is	  useful	  in	  many	  applications.	  (Listed	  in	  Table	  6.1).	  A	  wide	  variety	  of	  












	   159	  
Table	  6.1	  Applications	  summary	  of	  the	  functionalized	  [2.2]paracyclophane	  CVD	  
polymerization.	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Substrate-selective 




For the vinyl 
functionalized polymer: 
Cross metathesis 






No reactive group on 
the insulation layer, but 
another functionalized 
layer is usually coated 






6.2	  Future	  Directions	  
6.2.1	  Combining	  the	  Functional	  Coating	  Platform	  with	  Multifunctional	  Linkers	  
Chemical	  vapor	  deposition	  polymerization	  of	  [2.2]paracyclophane	  is	  a	  
powerful	  surface	  functionalization	  platform,	  but	  like	  any	  other	  techniques,	  it	  still	  
has	  limitations.	  Not	  every	  type	  of	  functional	  group	  attached	  to	  the	  
[2.2]paracyclophane	  molecule	  can	  survive	  the	  thermal	  pyrolysis	  condition	  (>500	  °C)	  
under	  vacuum,	  which	  is	  essential	  for	  the	  paracyclophane	  ring-­‐opening	  and	  the	  
diradicals	  generation.	  Some	  functionalized	  paracyclophane	  could	  not	  form	  a	  high	  
molecular	  weight	  polymer.	  Some	  others	  can	  successfully	  polymerize	  but	  functional	  
group	  loss	  due	  to	  partial	  degradation	  and	  side	  reactions	  could	  occur.	  Thus	  it	  is	  not	  
always	  easy	  to	  synthesize	  paracyclophanes	  with	  new	  functional	  groups	  useful	  for	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the	  CVD	  process.	  Fortunately,	  developments	  in	  organic	  synthesis	  have	  made	  a	  lot	  of	  
multifunctional	  linkers	  easily	  accessible	  or	  even	  commercially	  available.	  For	  
example,	  a	  wide	  selection	  of	  multifunctional	  polyethylene	  glycol	  (PEG)	  linkers	  is	  
now	  commercially	  available.	  These	  PEG	  linkers	  have	  different	  chain	  lengths	  
(molecular	  weight),	  choices	  of	  linear	  or	  star	  shapes	  and	  commonly	  used	  functional	  
groups	  for	  bioconjugation	  chemistries.16	  The	  PEG	  molecules	  not	  only	  can	  serve	  as	  
linkers	  to	  introduce	  functional	  groups	  not	  available	  for	  the	  CVD	  process,	  but	  also	  an	  
essential	  layer	  to	  prevent	  protein	  non-­‐specific	  binding.	  Linkers	  not	  commercially	  
available	  can	  usually	  be	  synthesized	  to	  meet	  specific	  requirements.	  
	  
6.2.2	  Understanding	  the	  Biomolecule-­‐Surface	  Interactions	  
To	  date,	  we	  have	  mostly	  focused	  on	  the	  biomolecule	  immobilizations	  and	  
their	  biological	  activities	  were	  tested	  in	  some	  studies.3a,	  b	  Most	  of	  the	  traditional	  thin	  
film	  characterization	  methods	  such	  as	  FTIR,	  XPS	  and	  ellipsometry	  are	  carried	  out	  at	  
the	  air-­‐solid	  interface.	  The	  changes	  of	  the	  biomolecules	  structure,	  conformation	  and	  
orientation	  at	  the	  liquid-­‐air	  interface	  remain	  extremely	  challenging	  and	  need	  to	  be	  
studied	  in	  the	  future	  with	  appropriate	  instruments	  (for	  instance,	  IR,	  AFM	  at	  the	  
liquid-­‐solid	  interface,	  sum	  frequency	  generation	  (SFG)	  vibrational	  spectroscopy	  
etc.).	  Molecular	  dynamics	  based	  simulation	  methods	  can	  also	  provide	  some	  insight	  
into	  this	  issue.	  We	  are	  currently	  conducting	  collaborative	  researches	  to	  study	  the	  
peptide	  and	  protein	  conformation	  change	  at	  the	  biointerface.	  Reactive	  CVD	  
polymers,	  together	  with	  a	  wide	  selection	  of	  multifunctional	  linkers	  provide	  a	  
versatile	  surface	  design	  platform.	  With	  better	  understanding	  of	  the	  biomolecule-­‐
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surface	  interactions,	  we	  may	  be	  able	  to	  introduce	  necessary	  molecules	  on	  the	  
surface	  to	  protect	  and	  stabilize	  target	  biomolecules	  even	  under	  water-­‐free	  
conditions.	  
	  
6.2.3	  Improving	  the	  CVD	  Polymerization	  System	  Design	  
The	  CVD	  polymerization	  system	  we	  currently	  use	  works	  well	  in	  most	  
ultrathin	  film	  coating	  applications	  (thickness	  <1	  μm)	  and	  the	  thickness	  can	  be	  well	  
controlled	  by	  changing	  the	  monomer-­‐feeding	  amount.	  For	  thicker	  film	  deposition,	  
an	  adapted	  system	  design	  is	  necessary.	  The	  system	  also	  needs	  to	  be	  modified	  for	  
new	  monomer	  types	  which	  are	  not	  the	  [2.2]paracyclopane	  derivatives	  such	  as	  the	  
cyclic	  ketene	  acetals	  used	  for	  the	  degradable	  CVD	  polymer	  synthesis.	  It	  is	  much	  
more	  convenient	  to	  do	  traditional	  polymer	  analyses	  (molecular	  weight,	  thermal	  
analysis	  etc.)	  on	  thicker	  films	  since	  most	  of	  the	  measurements	  require	  milligram	  
amount	  of	  the	  molecules	  to	  be	  analyzed.	  Existing	  CVD	  polymerization	  system	  design	  
such	  as	  iCVD	  can	  be	  used	  as	  a	  reference	  for	  the	  changes.17	  
	  
6.2.4	  Developing	  More	  Integrated	  and	  Sophisticated	  Devices	  
An	  integrated	  biomedical	  device	  design	  needs	  multidisciplinary	  collaborative	  
efforts.	  (Figure	  6.1)	  These	  collaborative	  efforts	  open	  exciting	  new	  avenues	  for	  
research	  and	  commercialization.	  Applying	  CVD	  polymer	  coatings	  to	  more	  integrated	  
and	  sophisticated	  devices	  is	  an	  important	  future	  direction.	  
	  
	  







Figure	  6.1	  Multidisciplinary	  collaborative	  efforts	  for	  designing	  and	  producing	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